University of Tennessee, Knoxville

TRACE: Tennessee Research and Creative
Exchange
Doctoral Dissertations

Graduate School

12-2019

CELL MORPHOLOGY AND CELL DIVISION ARE PRECISELY
CONTROLLED THOUGH DIFFERENTIAL REGULATION OF CDC42
Brian Hercyk
University of Tennessee, bhercyk@vols.utk.edu

Follow this and additional works at: https://trace.tennessee.edu/utk_graddiss

Recommended Citation
Hercyk, Brian, "CELL MORPHOLOGY AND CELL DIVISION ARE PRECISELY CONTROLLED THOUGH
DIFFERENTIAL REGULATION OF CDC42. " PhD diss., University of Tennessee, 2019.
https://trace.tennessee.edu/utk_graddiss/5765

This Dissertation is brought to you for free and open access by the Graduate School at TRACE: Tennessee
Research and Creative Exchange. It has been accepted for inclusion in Doctoral Dissertations by an authorized
administrator of TRACE: Tennessee Research and Creative Exchange. For more information, please contact
trace@utk.edu.

To the Graduate Council:
I am submitting herewith a dissertation written by Brian Hercyk entitled "CELL MORPHOLOGY
AND CELL DIVISION ARE PRECISELY CONTROLLED THOUGH DIFFERENTIAL REGULATION OF
CDC42." I have examined the final electronic copy of this dissertation for form and content and
recommend that it be accepted in partial fulfillment of the requirements for the degree of Doctor
of Philosophy, with a major in Biochemistry and Cellular and Molecular Biology.
Maitreyi Das, Major Professor
We have read this dissertation and recommend its acceptance:
Todd Reynolds, Bruce McKee, Andreas Nebenfuehr
Accepted for the Council:
Dixie L. Thompson
Vice Provost and Dean of the Graduate School
(Original signatures are on file with official student records.)

CELL MORPHOLOGY AND CELL DIVISION ARE PRECISELY CONTROLLED
THOUGH DIFFERENTIAL REGULATION OF CDC42

A DISSERTATION PRESENTED FOR THE
DOCTOR OF PHILOSOPHY
DEGREE
THE UNIVERSITY OF TENNESSEE, KNOXVILLE

BRIAN STEVE HERCYK
DECEMBER 2019

Copyright © 2019 by Brian Steve Hercyk
All rights reserved.

ii

DEDICATION
This work is dedicated to my family, especially my amazing parents John and Neta,
without whose encouragement and support this would not be possible. This work is
specifically not dedicated to my two dogs, Trouser and Scout, who did everything in their
power to prevent me from being productive.

iii

ACKNOWLEDGMENTS
I would like to begin with my truly exceptional PI, Maitreyi Das. Thank you for your
mentorship, insights, and the amazing fundamental cell biology questions that you
allowed me to develop into this dissertation. To my committee members: Drs. McKee,
Nebenfuehr, and Reynolds, thank you for the guidance and critique that you provided. I
disagree with most of the other students and think that you are twice as mean as they say
you are. I would also like to thank my lab partners Julie, Udo, and Bethany. You all
supported me, even if you do not know it. You also made the lab a fun place to be and
helped me to hang on to the little sanity that remains to me. I will miss you all (even
Julie) and the wonderful arguments and shenanigans we shared. To Gabriel and Justin,
my friends and fellow graduate students. You have been amazing friends, and not only
because you take care of my dogs when I go to conferences. I will miss our Nintendo
parties and the ridiculous conversations we have over lunch. Finally, I would like to
thank the overworked, unpaid, physically threatened, and emotionally scarred
undergraduate army.

iv

ABSTRACT

The conserved Rho family GTPase Cdc42 is a master regulator of cell polarity in
eukaryotes. In the fission yeast Schizosaccharomyces pombe, Cdc42 regulates polarized
cell growth, cell shape, and cytokinesis. Cdc42 is activated by its two GEFs (Guanine
nucleotide exchange factors), Gef1 and Scd1. Loss of either gef1 or scd1 gives rise to
distinct cell shapes. How this occurs in unclear, given that their effects are both mediated
through the same GTPase. Understanding Cdc42 regulation during polarized growth is
complicated by the presence of two cell poles that compete for Cdc42 and its activators,
by the overlapping localization pattern of its GEFs, by the oscillation of active Cdc42
between the two poles, and by the presence of positive and negative feedbacks. To
overcome this limitation, the process of cytokinesis was used as a paradigm to understand
Cdc42 regulation, which could then be extended to test similar behaviors at the sites of
polarized growth. During cytokinesis, the GEFs localize sequentially to the division site,
which does not compete with other sites for Cdc42 or its regulators. This approach led to
the discovery of a crosstalk between Gef1 and Scd1 that maintains cell shape and
promotes bipolar growth. A similar approach led to the discovery that the F-BAR Cdc15
genetically interacts with Gef1, promoting its localization to both the division site to
initiate ring constriction, and to the cell poles to initiate bipolar growth. Furthermore, the
study of Cdc42 during cytokinesis uncovered the novel finding that the precise regulation
of Cdc42 spatially restricts membrane trafficking to enable cell separation during
cytokinesis. Together, these findings describe how Cdc42 is differentially and
spatiotemporally regulated to precisely control multiple complex processes.
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CHAPTER I
AN OVERVIEW OF CELL POLARITY IN S. POMBE

Abstract

Cell polarity is essential for the form and function of all cells. Polarization is required for
the processes of vesicle trafficking, adhesion, migration, and differentiation. These
processes spatially regulate growth and division at the cellular level, and contribute to the
morphogenesis and self-renewal of higher organisms. Cell polarity relies on the spatial
establishment of unique membrane and cytosolic protein domains to regulate the actin
and microtubule cytoskeleton. The simple cell shape, two sites of polarized growth, and
its lack of highly redundant genes make the fission yeast Schizosaccharomyces pombe an
excellent model in which to study the regulation of cell polarity. S. pombe grows through
the process of tip extension from its two cell poles, allowing it to maintain its cylindrical
shape. This shape also facilitates the equatorial positioning of the division site, which in
turn ensures that the daughter cells maintain their shape. After division, cells undergo the
process of OETO (old end take off) and initiate monopolar growth from the old cell end
that existed prior to division and contains the end marker polarity proteins. As the cell
elongates, it undergoes NETO (new end take off) in G2-phase to initiate growth from the
second pole formed as a result of cell division. In this chapter, I will discuss the roles of
the actin and microtubule cytoskeleton in cell polarity and the transition to bipolar
growth, specifically focusing on the role of Cdc42 in these processes.

1

Cdc42

S. pombe is a rod shaped organism, which grows from both cell poles. Cdc42, a member
of the Rho family of small GTPases, is a major regulator of polarized growth and vesicle
mediated delivery in eukaryotes (JOHNSON 1999). These conserved small Rho GTPases
are active when GTP-bound and inactive when the GTP is hydrolyzed to GDP (BOS et al.
2007). GTPases are activated by guanine nucleotide exchange factors (GEFs) and
inactivated by GTPase activating proteins (GAPs) (BOS et al. 2007). Most eukaryotes
have multiple GTPases, and each has its corresponding GEFs and GAPs. Modulation of
the GEFs and GAPs can tune GTPase activity and thus regulate cellular processes that
require precision (DAS et al. 2015). GTPases crosstalk to self-organize and regulate
complex processes such as migration, wound healing, and polarization (BENINK AND
BEMENT 2005; YANG et al. 2006; MACHACEK et al. 2009; DAS et al. 2012; HOWELL et al.
2012). GTPases also undergo multiple feedback pathways to enable self-organization of
its activity, leading to distinct cellular outcomes (DAS et al. 2012; HERCYK et al. 2019).
In fission yeast, Cdc42 is activated by its two GEFs, Gef1 and Scd1, and inactivated by
three GAPs: Rga3, Rga4, and Rga6 (CHANG et al. 1994; NAKANO et al. 2001; COLL et al.
2003; REVILLA-GUARINOS et al. 2016; GALLO CASTRO AND MARTIN 2018) (Fig. 1.1).
Cdc42 associates with various membranes, dependent on the prenylation of its Cterminus, and mediates the processes of actin cable formation and exocytosis, which are
required for the polarized delivery of growth materials (WRIGHT AND PHILIPS 2006; DAS
et al. 2012).

Additionally, Cdc42 can be sequestered by the GDI (Guanine nucleotide dissociation
inhibitor) Rdi1 (BENDEZU et al. 2015). Cdc42 activity is also regulated by the NDR
kinase Orb6. Orb6 phosphorylates the Cdc42 GEF Gef1, resulting in is sequestration by
the 14-3-3 protein Rad24 (VERDE et al. 1998; DAS et al. 2009; DAS et al. 2015). Orb6
also contributes to Cdc42 activation through the activation of Ras1 (CHEN et al. 2019).
2

Figure 1.1 Regulation of Cdc42 activation cycle. Cdc42 is activated by GEFs and inactivated
by GAPs.

While Ras1 activates the Cdc42 GEF Scd1, most likely by enhancing its localization to
cell poles, although the exact mechanism through which this occurs has not been well
characterized (CHANG et al. 1994; PAPADAKI et al. 2002).The ability of Cdc42 to selforganize is mediated by a positive feedback that functions in a winner-take-all
mechanism (WU AND LEW 2013). Time-delayed negative feedback gives rise to anticorrelated oscillations of Cdc42 activity between the two cell poles, promoting bipolar
growth (DAS et al. 2012).

Cdc42 plays a pivotal role in the establishment and regulation of cell polarity. Cdc42 has
numerous effectors in most eukaryotes, including the formins that nucleate actin cables,
the WASP protein that activates the Arp2/3 complex to initiate the polymerization of
branched actin structures, the Pak kinases that activate multiple signaling pathways, and
the exocyst complex that mediates secretory vesicle tethering to the plasma
membrane (ZHAO AND MANSER 2005; FAIX AND GROSSE 2006; TAKENAWA AND
SUETSUGU 2007; WU et al. 2008). However, only the formin For3, the Pak kinase Pak1,
and the scaffold Pob1 have been identified in S. pombe to date. (MARCUS et al. 1995;
3

MARTIN et al. 2007; ESTRAVIS et al. 2011). Likewise, it is uncertain to what degree the
fission yeast Cdc42 regulates the processes of endocytosis. While endocytosis requires
the branched actin nucleating Arp2/3 complex, its activator Wsp1 does not contain a
CRIB (Cdc42/Rac interactive binding) domain (LEE et al. 2000; HUANG et al. 2005).
Likewise, Cdc42 is required for the localization, but not the function, of the exocyst.
The thermosentitive cdc42L160S allele exhibits secretion defects due to
the mislocalization of the exocyst, which is rescued by overexpression of the scaffold
Pob1, whose localization is dependent on Cdc42 (ESTRAVIS et al. 2011; NAKANO et al.
2011).

NETO and the transition to bipolar growth

Fission yeast exhibit a unique growth pattern. Initially, cells grow only from their old
end, which existed prior to cell division. How growth initiates at the second pole, formed
at the site of cell division, is a contentious issue within the polarity field. The process of
NETO, or the switch to bipolar growth, occurs in G2-phase when the cells are
approximately 9μm long (MITCHISON AND NURSE 1985). The analysis of growth patterns
in cdc10-129 and cdc25-22 mutants indicate that NETO initiation is cell cycle regulated.
Whereas cdc10-129 mutants exhibit monopolar growth during G1 arrest, cdc2522 mutants exhibit bipolar growth during G2 arrest (MITCHISON AND NURSE 1985). This
suggests that completion of S phase is necessary for NETO initiation, as the S phase
checkpoint kinase Cds1 is active during G1 arrest, resulting in Tip1 dephosphorylation
and less Tea1-Tea4 deposition at the new end, which delays NETO (KOYANO et al. 2010;
KUME et al. 2011). Additional experiments indicate that Cdk and Plo1 promote NETO.
As Cdk levels in G2 rise, Plo1 at the SPB is activated to promote NETO (GRALLERT et
al. 2013). This may occur through the MOR (morphogenesis) network, since some of the
proteins involved in this pathway also localize to the SPB (VERDE et al. 1998; HIRATA et
al. 2002; HOU et al. 2003; KANAI et al. 2005).
4

Two models explain polarity site selection; the microtubule system, and the inheritance
of end markers at the cell poles. In mutants defective in microtubule severing or
catastrophe, in cells that have been artificially bent, or in tea1Δ, the cells grow from
regions of the cortex in contact with microtubule plus ends (MATA AND NURSE 1997;
TERENNA et al. 2008; MINC et al. 2009). This suggests that microtubules, rather than the
poles, control the polarization site. However, the observation that old cell pole is
dominant and is the first to initiate growth suggests that the poles also play a role in this
process. Tea1 and Tea4 form a complex that serves as a polarization site landmark. The
Tea1-Tea4 complex is transported to the plus end of microtubules by the kinesin Tea2
and deposited at the cortex of the cell pole, where it is anchored by Tea3 (MATA AND
NURSE 1997; BRUNNER AND NURSE 2000; ARELLANO et al. 2002; SNAITH AND SAWIN
2003). At the cell cortex, Tea4 binds and positions For3 to enable actin polymerization,
which is dependent on its activation by Cdc42 (MARTIN et al. 2005; MARTIN AND CHANG
2006). The Tea1-Tea4 complex recruits the DYRK family kinase Pom1 to the cell poles,
which excludes the Cdc42 GAP Rga4 from the cell poles (DAS et al. 2007; TATEBE et al.
2008). The mechanism through which this occurs is unknown, since Pom1 does not
directly phosphorylate Rga4.

Role of the actin and microtubule cytoskeletons in polarized growth

Fission yeast cells contain three main types of actin structures: actin cables, actin patches,
and the actomyosin contractile ring. The formin For3 polymerizes actin filaments at the
cell poles, which are bundled with their barbed ends facing the cortex (FEIERBACH AND
CHANG 2001; FEIERBACH et al. 2004). These provide the tracks for the type V myosin
Myo52, which mediates the polarized delivery of vesicles containing glucan synthases
and hydrolases to sites of growth (GRALLERT et al. 2007). This will be further discussed
later in this chapter. While the tropomyosin Cdc8 and the fimbrin Fim1 similarly bundle
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actin filaments, Cdc8 is primarily found on actin cables, while Fim1 predominantly
localizes to actin patches (SKAU AND KOVAR 2010).

In fission yeast, actin patches are required for endocytosis, most likely due to the need to
overcome the high turgor pressure in these cells. Correspondingly, the internalization of
endocytic patches in yeast requires the Arp2/3 complex, while this process is mediated by
dynamin in animals (KOVAR et al. 2011). Several BAR and F-BAR proteins mediate
membrane invagination and scission during bud internalization (FERGUSON et al. 2009).
In addition to the WASP Wsp1, the type I myosin Myo1 activates the branched actin
nucleating Arp2/3 complex during this process (LEE et al. 2000). In fission yeast, it is
unknown what specific cargoes are endocytosed. However, the cargoes that are secreted
are better characterized; the glucan synthases and hydrolases required for cell wall
remodeling are secreted in Golgi-derived vesicles (FEIERBACH AND CHANG 2001;
MOTEGI et al. 2001). Polarized exocytosis is mediated by the exocyst complex and by
actin cable and type V myosin-mediated transport (MOTEGI et al. 2001; WIN et al. 2001;
BENDEZU AND MARTIN 2011). The exocyst is an octomeric complex that tethers secretory
vesicles to the plasma membrane. The Sec8 and Exo70 subunits localize to the plasma
membrane, and thus may act as landmarks to ensure the delivery of exocyst labelled
vesicles to the right location (BENDEZU et al. 2012).

Microtubules are required for the proper positioning of the sites of polarized growth,
nucleus positioning, and division site specification (SOHRMANN et al. 1996; TRAN et al.
2001). Interphase microtubules form bundles of antiparallel microtubules with inward
facing minus ends, allowing the plus ends to grow towards both cell poles (HOOG et al.
2007; JANSON et al. 2007) (Fig. 1.2). Plus end microtubule growth is regulated by the tip
factors Mal3, Tip1, and Tea2 (BRUNNER AND NURSE 2000; BUSCH AND BRUNNER 2004).
This microtubule arrangement allows the polarized delivery of tip factors, such as the
Tea1-Tea4-PP1 complex to incipient growth sites (MATA AND NURSE 1997; MARTIN et
6

Figure 1.2 Establishment of sites of polarized growth. The plus end of microtubules
facilitates the deposition of the Tea1-Tea4 complex onto the cell cortex, which leads to the
recruitment and activation of Cdc42. Once activated, Cdc42 polarizes exocyst and actin cablemediated delivery.

al. 2005; TATEBE et al. 2005) (Fig. 1.2). Remarkably, the plus ends of microtubules
initially regulate the formation and positioning of actin cables by recruiting For3 to the
cell poles (MARTIN et al. 2005) (Fig. 1.2). While microtubules are dispensable for Cdc42
localization, this complex promotes Cdc42 activation at the cell poles, possibly by
antagonizing the Orb6 mediated phosphorylation of Gef1 (DAS et al. 2009; KOKKORIS et
al. 2014; DAS et al. 2015).

Given the importance of the actin and microtubule cytoskeletons in the regulation of
polarized growth, it is surprising that neither actin cables nor microtubules are required
for this process (BALASUBRAMANIAN et al. 1994; SAWIN AND SNAITH 2004; MARTIN et
al. 2005). However, microtubules promote Cdc42 localization to the cell poles, and
Cdc42 is essential for actin mediated polarized growth (Fig. 1.2). While the exocyst
cooperates with actin cable mediated vesicle delivery, secretion can still occur in the
absence of the exocyst or actin cables. However, the loss of both actin cable mediated
delivery and exocyst function is lethal and abrogates polarized growth and secretion,
indicating that actin mediated transport and exocyst-mediated tethering act in parallel
7

pathways to promote these processes (BENDEZU AND MARTIN 2011). Cdc42 controls the
activation of For3, and spatially controls exocyst localization (MARTIN et al. 2007;
RINCON et al. 2009). Thus, both pathways of polarized cell growth are under the control
of Cdc42 (Fig. 1.2).

Regulation of cell shape

Fission yeast has a simple rod shape, maintained by tip extension from two sites of
polarized growth. Several classes of mutants alter cell morphology in distinct ways,
yielding insights into the factors that regulate cell shape. Two prominent classes are the
orb and tea mutants. orb mutants exhibit depolarized growth, resulting in round cells. Of
the twelve orb mutants identified, seven have been identified (VERDE et al. 1995).
Remarkably, this phenotype is derived from proteins that have physiologically distinct
functions, such as protein prenylation (Orb7/Cwg2), cell wall synthesis (Orb11/Bgs4),
RNA sequestration (Orb4/Sts5), the Cdc42 effector (Orb2/Pak1 kinase), and the MOR
network kinases (Orb3/Nak1 and Orb6/NDR kinase) (RIBAS et al. 1991; DIAZ et al. 1993;
MARCUS et al. 1995; VERDE et al. 1998; LEONHARD AND NURSE 2005; NUNEZ et al.
2016). While all of these proteins contribute to polarized cell growth, it is interesting that
both a Cdc42 regulator (Orb6), and a Cdc42 effector (Pak1), exhibit this phenotype. tea
mutants are primarily monopolar and do not undergo NETO.

In contrast to the orb class, tea mutants are more closely related, and primarily govern the
localization of tip factors to microtubule plus ends and polarity proteins to the cell cortex.
These proteins may also regulate Cdc42 through the recruitment of Gef1 and the
exclusion of Rga4 (KOKKORIS et al. 2014). That two different classes of cell shape
mutants contribute to Cdc42 regulation suggests that Cdc42 must integrate cues from
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multiple pathways to maintain proper cell shape. Intriguingly, gef1Δ and scd1Δ mutants
exhibit phenotypes remarkably similar to tea and orb mutants, respectively. gef1Δ cells
are predominantly bipolar while scd1Δ are depolarized (CHANG et al. 1994; COLL et al.
2003). A superficial glance at this relationship may lead to the expectation that while
Gef1 is regulated in a Tea-dependent manner, Scd1 regulation would likely be dependent
on Orb6. However, since both of these pathways converge on Gef1, how Scd1 is
regulated is not clear. Furthermore, how the loss of one Cdc42 GEF produces a
phenotype distinct from the loss of the other is confounding, given that they both activate
Cdc42.

Future avenues

Understanding the regulation of Cdc42 during cell polarization is challenging for several
reasons. Cdc42 spontaneously self organizes and undergoes anti-correlated oscillations
between the two cell poles, indicating the presence of both positive and negative
feedbacks (Das et al., 2012). The generation of a stable site of Cdc42 activity is proposed
to function through local activation (BENDEZU et al. 2015). Once activated at the cortex,
Cdc42 recruits additional Scd1 and its scaffold Scd2, which in turn activates nearby
Cdc42 to feed the cycle (LAMAS et al. 2019). However, this winner-take-all mechanism
precludes the establishment of a second site of Cdc42 activation due to competition for
Cdc42, Scd1, and Scd2. The introduction of a time delayed negative feedback into the
system would allow Cdc42 activity to concentrate at one pole for a limited time only
(DAS et al. 2012). In turn, this would allow the other pole to initiate Cdc42 activation.
Cdc42 likely mediates its own inactivation through the activation of its effector Pak1,
which may phosphorylate the scaffold Scd2 to promote the disassembly of the Cdc42Scd1-Scd2 ternary complex (ENDO et al. 2003; DAS et al. 2012). While challenging,
deciphering the mechanisms by which Cdc42 is regulated to enable bipolar growth and
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maintain cell shape will be vital to the advancement of the polarity field.
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Abstract

During cytokinesis, actomyosin ring constriction drives furrow formation. In animal cells
Rho GTPases drive this process through the positioning and assembly of the actomyosin
ring, and through extracellular matrix remodeling within the furrow. In the fission yeast
S. pombe, actomyosin ring constriction and septum formation are concurrent processes.
While S. pombe is the primary source from which the mechanics of ring assembly and
constriction stem, much less is known about the regulation of Rho GTPases that control
these processes. Of the six Rho GTPases encoded in S. pombe, only Rho1, the RhoA
homologue, has been shown to be essential for cytokinesis. While Rho3, Rho4, and
Cdc42 have defined roles in cytokinesis, Rho2 and Rho5 play minor to no roles in this
process. Here we review the roles of the Rho GTPases during cytokinesis, with a focus
on their regulation, and discuss whether crosstalk between GTPases, as has been reported
in other organisms, exists during cytokinesis in S. pombe.
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Introduction

Cytokinesis is necessary for growth, development, cell differentiation, and wound repair;
defects in this process can cause diseases such as cancer (GUERTIN et al. 2002; LI 2007;
SAGONA

AND

STENMARK 2010) . In metazoans and fungi, cytokinesis occurs via the

formation and subsequent constriction of an actomyosin contractile ring. As the ring
constricts, it also pulls in the membrane to enable furrow formation, thus physically
separating the cell into two daughter cells. In most cells, ring constriction is precisely
timed to occur only after the chromosomes segregate, thus ensuring the genomic integrity
of the daughter cells. Fungal cells have a cell wall, and in addition to ring constriction
and membrane furrow formation, they also form a septum (cell-wall) barrier. Much of
what is known about the fundamentals of cytokinesis stem from decades of research with
the fission yeast model, Schizosaccharomyces pombe. In fission yeast, cytokinesis
involves the assembly of the actomyosin ring, which then undergoes constriction
concurrent with the formation of the septum and the membrane furrow (POLLARD

AND

WU 2010; POLLARD 2014). Cortical nodes containing the anillin protein Mid1 assemble
around the nucleus which then recruit proteins that are involved in ring formation
(BAHLER et al. 1998; PAOLETTI

AND

CHANG 2000; CELTON-MORIZUR et al. 2004;

HACHET AND SIMANIS 2008; COFFMAN et al. 2009; LAPORTE et al. 2011). These include
the type II myosin Myo2, its regulatory light chain Rlc1, its light chain Cdc4, the F-BAR
protein Cdc15 and the formin Cdc12 (MCCOLLUM et al. 1995; CHANG et al. 1997;
KITAYAMA et al. 1997; LE GOFF et al. 2000; NAQVI et al. 2000; MULVIHILL AND HYAMS
2003; WU et al. 2003; LAPORTE et al. 2011). The formin Cdc12 nucleates actin and this
together with the type II myosin organizes the actin filaments to form a ring like structure
(PELHAM AND CHANG 2002; KAMASAKI et al. 2007; VAVYLONIS et al. 2008; HUANG et
al. 2012). After the ring assembles, it only starts to constrict once the septum building
apparatus is recruited to the division site and the chromosomes start segregation (LE
GOFF et al. 1999; WEI et al. 2016; CORTES et al. 2018).
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While it is unclear how the cellular events—ring constriction, septum formation, and
membrane ingression—occur simultaneously, we now understand some of the
fundamental steps that promote each of these events during cytokinesis. First, the primary
septum starts forming as the ring constricts. This requires the delivery of septum
synthesizing enzyme Bgs1 to the division site (LE GOFF et al. 1999; CORTES et al. 2002;
CORTES et al. 2007). Simultaneously, new membrane material is also delivered to the
division site for furrow formation (CORTES et al. 2015). Next, the glucan synthases Bgs4
and Mok1/Ags1 are delivered to the division site to enable secondary septum formation,
which is adjacent to the plasma membrane and is deposited on both sides of the primary
septum (CORTES et al. 2018). While Bgs1 is a linear 1,3-β-glucan synthase that mainly
builds the primary septum, it is not sufficient to provide rigidity and strength to the
septum (CORTES et al. 2007; MUNOZ et al. 2013). Bgs4, the 1,6 branched 1,3- β-glucan
synthase and Mok1/Ags1 the α-1,3-glucan synthase provides the necessary strength to
ensure proper septum morphology and cell integrity (HOCHSTENBACH et al. 1998;
CORTES et al. 2005; CORTES et al. 2012; MUNOZ et al. 2013). After the septum is fully
synthesized, glucanases are delivered to the division site to digest the primary septum and
separate the two daughter cells (POLLARD 2010; GOYAL et al. 2011; LEE et al. 2012).
Inability to perform any of these events in a precise spatiotemporal manner can lead to
cytokinesis failure and cell death. However, our knowledge of how cells properly
organize these sequential events and their spatiotemporal regulation is limited.

The conserved small Rho GTPases, Cdc42, Rho1, Rho3 and Rho4 have been reported to
promote different steps in cytokinesis (Fig. 2.1) (NAKANO et al. 2003; MUTOH et al.).
2005; NAKANO et al. 2005; ONISHI et al. 2013; WEI et al. 2016). Cdc42 is activated at the
division site in early anaphase and this promotes delivery of the glucan synthase Bgs1 to
the division site (WEI et al. 2016). Rho1 in turn activates the glucan synthases and
promotes septum formation (ARELLANO et al. 1996). Rho3 and Rho4 are required for
delivery of the septum digesting glucanases that lead to cell separation (NAKANO et al.

20

Figure 2.1 Rho family GTPases play distinct roles during cytokinesis. Cdc42 (green) is
activated at the assembled actomyosin ring (red) and this promotes onset of ring constriction
and septum formation. Rho1 (blue) is activated at the division site to promote septum
synthesis. The precise timing of initiation of Rho1 activation is not known. After the septum
forms, Rho3 (yellow) and Rho4 (orange) localize to the division site at the outer rim of the
septum barrier to promote delivery of the septum digesting glucanases. Digestion of the
primary septum leads to cell separation.

2003; WANG et al. 2003). These conserved small Rho GTPases are active when GTPbound and inactive when the GTP is hydrolyzed to GDP (BOS et al. 2007). GTPases are
activated by guanine nucleotide exchange factors (GEFs) and inactivated by GTPase
activating proteins (GAPs) (BOS et al. 2007). Most eukaryotes have multiple GTPases,
and each has its corresponding GEFs and GAPs. Modulation of the GEFs and GAPs can
tune GTPase activity and thus regulate cellular processes that require precision (DAS et
al. 2015). GTPases crosstalk to self-organize and regulate complex processes such as
migration, wound healing, and polarization (BENINK AND BEMENT 2005; YANG et al.
2006; MACHACEK et al. 2009; DAS et al. 2012; HOWELL et al. 2012). GTPases also
undergo multiple feedback pathways to enable self-organization of their activity, leading
to distinct cellular outcomes (DAS et al. 2012; HERCYK et al. 2019). It is likely that these
Rho GTPases fine tune signaling pathways to spatiotemporally regulate distinct
cytokinetic events. Here we review and discuss recent advances in our understanding of
how Rho GTPases regulate the different, sequential steps in cytokinesis.

21

Cdc42

Cdc42 is the major regulator of cell polarity in most eukaryotes (ETIENNE-MANNEVILLE
2004). In fission yeast, Cdc42 activates the formin For3 to promote actin organization
(MARTIN et al. 2007) and the Pak1 kinase to regulate downstream processes (TU AND
WIGLER 1999). It also plays an important role in polarized trafficking by regulating
exocyst-mediated delivery (BENDEZU et al. 2012). Cdc42 is activated at the division site
during cytokinesis by its two GEFs, Gef1 and Scd1 (RINCON et al. 2007; WEI et al.
2016). Activation of Cdc42 at the division site initiates during ring assembly in a Gef1dependent manner (HIROTA et al. 2003; WEI et al. 2016). This leads to the recruitment of
Bgs1 and initiation of septum ingression and ring constriction. Both Bgs1 localization to
the ring and the onset of ring constriction is delayed in mutants lacking gef1 (WEI et al.
2016). Scd1 localizes to the division site next in a Gef1-dependent manner to activate
Cdc42 along the ingressing membrane (WEI et al. 2016; HERCYK et al. 2019). Thus, two
waves of Cdc42 activation facilitate the recruitment of Bgs1 to specific sites of the
ring/membrane barrier: Gef1 facilitates Bgs1 delivery to the ring while Scd1 promotes
Bgs1 localization along the ingressing membrane (WEI et al. 2016). Although the
mechanism through which Cdc42 promotes Bgs1 delivery is not known, it is conceivable
that this occurs through regulation of actin-dependent trafficking, as gef1 mutants show
defects in the localization of the type V myosin as well as fewer non-medial actin cables
(WEI et al. 2016). Although Cdc42 is required for Bgs1 recruitment, it does not
contribute to the localization of Bgs4 (ESTRAVIS et al. 2012; WEI et al. 2016). Whether
Cdc42 regulates the delivery of the other glucan synthases is unknown. Thus, Cdc42 may
promote delivery of specific cargoes in addition to the regulation of actin cable formation
during cytokinesis.

It has been reported that Bgs1 localization to the division site is promoted by the F-BAR
protein Cdc15 (ARASADA AND POLLARD 2014; CORTES et al. 2015). However, Bgs1
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localization during cytokinesis is regulated by many factors, including Cdc42 (ESTRAVIS
et al. 2011; WEI et al. 2016). This suggests that although Cdc15 is present at the ring
prior to the onset of ring constriction, Bgs1 localization to the actomyosin ring is
dependent on Cdc42 activation, which is at first solely mediated through Gef1 (WEI et al.
2016). Upon blocking endocytosis with the Arp2/3 inhibitor CK-666, the ring is able to
form, but does not constrict due to the failure to recruit Bgs1 (ONWUBIKO et al. 2019).
Furthermore, Cdc15 levels do not increase at the ring after ring assembly in these cells
(ONWUBIKO et al. 2019). The endocytosis defective arp3-c1 mutant also exhibits similar
phenotypes (ONWUBIKO et al. 2019). A recent report indicates that Cdc42 activation,
mediated through Gef1, promotes endocytosis (ONWUBIKO et al. 2019). Specifically, gef1
mutants exhibit endocytic patches with higher levels of Cdc15, as well as extended patch
lifetimes (ONWUBIKO et al. 2019). Moreover, these defects can be alleviated upon
expression of constitutively active Cdc42, indicating that Cdc42 activation promotes
endocytosis (ONWUBIKO et al. 2019).

The septum ingresses centripetally indicating that cell wall must be deposited in a
uniform manner along the membrane adjacent to the actomyosin ring. This suggests that
Cdc15, and thus the septum building apparatus with which it interacts, must localize
uniformly along the actomyosin ring to facilitate centripetal septum deposition (CORTES
et al. 2002; LIU et al. 2002; MARTIN et al. 2003; CORTES et al. 2005; CORTES et al. 2012;
MUNOZ et al. 2013; ONWUBIKO et al. 2019). In gain of function mutants of the formin
cdc12, cdc12Δ503, the cells display excessive actin cables and delayed endocytic patch
lifetimes (COFFMAN et al. 2013). gef1Δ mutants when combined with cdc12Δ503, show
septum ingression defects and do not constrict centripetally (ONWUBIKO et al. 2019). In
these gef1Δcdc12Δ503 mutants, the distribution of Cdc15 along the ring is not uniform,
resulting in faster constriction rates in areas of the ring that have elevated levels of
Cdc15. It is likely that, post ring assembly, additional Cdc15 is recruited to the ring from
endocytic patches (ONWUBIKO et al. 2019). In agreement, uneven distribution of Cdc15
along the ring results when endocytosis is disrupted (ONWUBIKO et al. 2019). Together,
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these findings indicate that membrane trafficking events including endocytosis are
required to uniformly organize Cdc15 along the ring to facilitate centripetal septum
ingression and constriction and Cdc42 regulates this process.

While Cdc42 is required for the early stages of septum formation, it needs to be
inactivated in order for cytokinesis to complete (WEI et al. 2016). Cells overexpressing
constitutively active Cdc42 form a septum but fail to undergo cell separation (MILLER
AND JOHNSON

1994; WEI et al. 2016). Similar observations have been made in budding

yeast (ATKINS et al. 2013; ONISHI et al. 2013). The GAPs that inactivate Cdc42, Rga3, 4
and 6, localize to the division site suggesting that they lead to Cdc42 inactivation at that
site (DAS et al. 2007; TATEBE et al. 2008; REVILLA-GUARINOS et al. 2016; GALLO
CASTRO AND MARTIN 2018). It is not known why Cdc42 needs to be inactivated for
completion of cytokinesis.

Recent reports have provided some insights into how the regulators of Cdc42 are
themselves regulated. Gef1 has been shown to localize to the division site in a Cdc15
dependent manner (HERCYK AND DAS 2019). This relationship is also maintained at the
cell poles. Cdc15 has been shown to promote Cdc42 activation at the division site and the
cell poles in a Gef1-dependent manner (HERCYK AND DAS 2019). The molecular details
of how Cdc15 promotes Gef1 localization is unclear. Another report indicates that Scd1
localization to the division site depends on Gef1 (HERCYK et al. 2019). Gef1 activates
Cdc42 at the division site and this acts as a seed for the recruitment of the scaffold
protein Scd2. Scd2 then recruits Scd1 to this site. Thus, this compromises a feed-forward
pathway where Gef1 promotes Scd1 recruitment. This behavior between the GEFs has
also been shown at the cell poles (HERCYK et al. 2019). While Gef1 promotes Scd1
recruitment, Scd1 itself has been shown to promote restriction of Gef1 from the division
site (HERCYK et al. 2019). Gef1 localizes to the ring membrane interface and constricts
with the ring. Once the ring completes constriction, Gef1 is no longer localized to that
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site. In scd1Δ cells however, Gef1 lingers at the division site even after the cell has
completed constriction. It is unclear how Scd1 promotes the removal of Gef1 from the
division site.

Rho1

Like cdc42 mutants, rho1 mutants are highly pleiotropic. Rho1 serves as the regulatory
subunit of the Bgs1, Bgs2, Bgs3, and Bgs4 glucan synthases, is essential for primary
septum formation, and must be inactivated to permit cell separation (ARELLANO et al.
1996; NAKANO et al. 1997). While Rho1 is activated by Rgf1, Rgf2, and Rgf3, only Rgf3
is essential (TAJADURA et al. 2004; MORRELL-FALVEY et al. 2005; MUTOH et al. 2005).
Overexpression of rgf1 or rgf2 results in multi-septated cells and morphology defects
(MUTOH et al. 2005). Rgf3 activity, and hence Rho1 activity, is essential for ring
formation, as rgf3 switch-off cells do not form competent actomyosin rings (MUTOH et
al. 2005). While Rgf1 and Rgf2 contribute to Rho1 activation during septum formation,
they primarily regulate Rho1-mediated cell wall deposition during polarized growth
(MUTOH et al. 2005). Rgf3 transcription is activated by the Ace2-network, along with
other proteins necessary for septum formation and cell separation (MORRELL-FALVEY et
al. 2005). While Rgf3 localizes to the ring/membrane interphase, Rgf1 and Rgf2 localize
to the ingressing membrane (MORRELL-FALVEY et al. 2005; MUTOH et al. 2005). This
localization pattern is identical to that of the Cdc42 GEFs Gef1 and Scd1, respectively,
(WEI et al. 2016) and it is possible that the Rho1 GEFs specifically activate Rho1 at
different locations to ensure proper septum synthesis.

The septation Initiation Network (SIN) pathway is required for proper timing of
cytokinesis with respect to completion of mitosis (SIMANIS 2015). The SIN pathway
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promotes timely assembly of the actomyosin ring, recruitment of the septum synthesizing
enzyme Bgs1 and promotes septum formation once the chromosomes are segregated in
mitosis (LIU et al. 2002; JIN et al. 2006; ROBERTS-GALBRAITH AND GOULD 2008;
ALCAIDE-GAVILAN et al. 2014). In SIN mutants, the contractile ring assembles but does
not undergo constriction (JIN et al. 2006). Rho1-mediated activation of the glucan
synthase is required for septum formation and septum synthesis (ARELLANO et al. 1996;
NAKANO et al. 1997). Therefore, it is likely that the SIN regulates Rho1 activation to
ensure that constriction initiates only upon chromosome segregation to maintain genome
integrity. The final kinase in the SIN pathway, Sid2 is required for septum formation and
ring constriction (SPARKS et al. 1999). Overexpression of rho1 rescues the sid2-250 ring
constriction defect, suggesting that Rho1 activation may be mediated by the SIN during
cytokinesis (JIN et al. 2006). The SIN pathway is activated by the protein Etd1 in a timely
manner with respect to chromosome segregation (ALCAIDE-GAVILAN et al. 2014). Etd1
has also being proposed to link SIN with septum formation (GARCIA-CORTES AND
MCCOLLUM 2009; ALCAIDE-GAVILAN et al. 2014). Biochemical assays indicate that
GTP-Rho1 is reduced in cells lacking etd1, as is 1,3-β-glucan synthase activity,
suggesting that Edt1 positively regulates Rho1 activation (ALCAIDE-GAVILAN et al.
2014). Since Etd1 appears to lack both GEF domain and GEF activity, how it promotes
Rho1 activation is unclear. An early protein in the SIN pathway cascade is the GTPase
Spg1 required for activation of the downstream kinases Sid1 and Sid2 (SCHMIDT et al.
1997; CULLEN et al. 2000). Rho1 signaling initiates a positive feedback with Spg1,
further activating SIN signaling during cytokinesis (ALCAIDE-GAVILAN et al. 2014).

The paxillin homologue in S. pombe, Pxl1, was identified as a suppressor of the cdc421625 temperature sensitive phenotype (PINAR et al. 2008). Paxillins are LIM-domain
containing proteins that facilitate protein-protein interaction and association with the cell
wall/extracellular matrix (PINAR et al. 2008). However, Pxl1 binds Rho1, not Cdc42, and
reduces the amount of GTP-Rho1 (PINAR et al. 2008). Loss of pxl1 results in cells with
more GTP-Rho1 and an increased septation index, similar to cells lacking the Rho1 GAP
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Rga5 (CALONGE et al. 2003; PINAR et al. 2008). This suggests that Pxl1 negatively
regulates Rho1, and this is further supported by the observation that pxl1 exhibits strong
genetic interactions with rgf3 (PINAR et al. 2008). An additional function of Pxl1 is to
stabilize the actomyosin ring and promote proper septum synthesis through interaction
with Bgs1 (CORTES et al. 2015). How Bgs1 function cooperates with Pxl1 during
cytokinesis is unclear, although it has been hypothesized that Pxl1 may act as a
mechanosensor that transmits ring tension to the glucan synthases to initiate septum
synthesis (CORTES et al. 2015). Pxl1 binds Cdc15 and Rlc1 and aids actomyosin ring
formation (CORTES et al. 2015). Whether this is dependent on the inhibition of Rho1 is
not known. In budding yeast, Rho1 must be temporarily inactivated to enable septum
ingression (ONISHI et al. 2013). However, this does not seem to be the case in fission
yeast (CORTES et al. 2015). Paxillin also recruits the calcineurin phosphatase Ppb1 to the
division site, which dephosphorylates Cdc15 to enable it to scaffold Bgs1 and initiate
septum synthesis (MARTIN-GARCIA et al. 2018).

Rho2 and Rho5

Cells overexpressing rho2 exhibit morphological and cytokinetic defects (HIRATA et al.
1998). Past studies primarily focused on the role of Rho2 in the regulation of cell
integrity and cell polarity. However, rho2 overexpressing cells have a high septation
index and often contain multiple septa, indicating a defect in cell separation (HIRATA et
al. 1998). In keeping with this phenotype, Rho2 localizes to the septum during
cytokinesis (HIRATA et al. 1998). However, the role of Rho2 in this process has not been
directly demonstrated. Rho1 and Rho2 likely regulate the synthesis of distinct glucans, as
cell wall defects resulting from one impaired Rho GTPase cannot be complemented by
overexpression of the other (HIRATA et al. 1998). The most compelling role for Rho2
during cytokinesis is the activation of the α-glucan synthase Mok1/Ags1, via the protein
27

kinase c homologue Pck2 (ARELLANO et al. 1999; KATAYAMA et al. 1999). During
cytokinesis, Mok1/Ags1 contributes to the formation of both the primary and secondary
septa and is required to prevent lysis during cell separation (CORTES et al. 2012).

With the help of a genetic screen, Rho2 was identified to act upstream of the Pck2-Pmk1
Mitogen activated protein kinase pathway (MA et al. 2006). Rho2 promotes activation of
Pmk1 likely by facilitating its phosphorylation (MA et al. 2006). Loss of pmk1 leads to a
defect in cell separation and septum morphology (TODA et al. 1996; ZAITSEVSKAYACARTER AND COOPER 1997). Interestingly, loss of a negative regulator of Pmk1, the
phosphatase pmp1 also leads to cell separation defects (SUGIURA et al. 1998). Thus, it is
likely that Rho2 may regulate cytokinesis through the MAP kinase Pmk1. However, it is
unclear how this is brought about or why both loss of and hyperactivation of Pmk1 leads
to cell separation defects. While pmk1 leads to cell separation defects, rho2 does not
show similar defects. It is possible that in addition to Rho2, other GTPases may also be
involved in Pmk1 activation.

Rho5 is not an essential gene, as its activity is redundant with Rho1. Indeed,
overexpression of rho5 can complement cells with impaired Rho1 activity (NAKANO et
al. 2005). The view that Rho5 is not particularly effective, and that it functions primarily
during meiosis and sporulation, explains why rho5Δ cells do not exhibit the polarity
defects of cells lacking rho1 (NAKANO et al. 2005). Similar to the overexpression of rho1
or rho2, cells overexpressing rho5 also exhibit morphological defects and have an
elevated septation index (NAKANO et al. 2005). Rho5 localizes to the poles during
interphase and to the division site during M-phase (NAKANO et al. 2005). While it has not
been tested, it is possible that Rho5 contributes to septum formation or ring stability in a
manner similar to Rho1. A recent report identifies the GEF Gef2 as an in vitro binding
partner of Rho1, Rho4, and Rho5 (ZHU et al. 2013). Gef2, and its adaptor protein, Nod1,
contribute to the positioning of the division site, and confer stability to the actomyosin
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ring (ZHU et al. 2013). It is tempting to speculate that Rho1 or Rho5-mediated glucan
synthase activity is required to position or stabilize the actomyosin ring. While Rho1 and
Rho5 have a positive role in cytokinesis, it is unclear why overexpression of these
proteins lead to increased septation index. It is possible that excessive Rho1/4 activation
leads to uncontrolled septum synthesis that may interfere with the septum digestion
process. Alternately, it is possible that increasing Rho1 and Rho5 impairs proper
activation of other small GTPases involved in cytokinesis such as Rho3 and Rho4. This
may lead to defects in cell separation that would result in a high septation index.

Rho3 and Rho4

Aside from Rho1, the roles of Rho3 and Rho4 are the best characterized among this
family of GTPases. Together, Rho3 and Rho4 enable cell separation through the delivery
and secretion of the cell wall glucanases, Agn1 and Eng1 (NAKANO et al. 2003; WANG et
al. 2003; SANTOS et al. 2005; PEREZ et al. 2015). rho3Δ rho4Δ double mutants fail to
separate and grow in a multiseptated state (PEREZ et al. 2015). The observation that
rho3Δ mutants phenocopy the cytokinetic defects of exocyst mutants, and that rho3
overexpression complements cell separation and thermosensitivity defects of sec8-1 and
exo70Δ mutants, respectively, suggests that Rho3 most likely functions by promoting
exocyst activity (WANG et al. 2003). To date, no Rho3 GEFs have been identified.
Although Gef3 binds Rho3, it does not function as a Rho3 GEF, but likely stabilizes or
recruits Rho3 at the ring/membrane interphase (MUNOZ et al. 2014). While gef3Δ cells
exhibit delayed cell separation, gef3Δ combined with for3Δ or exocyst mutants exhibit
the severe phenotypes of rho3Δ mutants, suggesting that Gef3 plays an important role in
the Rho3-mediated vesicle trafficking and tethering events that are required for cell
separation (MUNOZ et al. 2014). While Rho3 likely enables fusion of vesicles containing
cell wall hydrolases to the rim of the septum/membrane barrier in an exocyst-dependent
manner, this hypothesis has not been fully tested.
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Unlike rho3 overexpression, rho4 is not sufficient to suppress the cell separation defects
of exocyst mutants (PEREZ et al. 2015). However, agn1 or eng1 overexpression
suppresses the multi-septation phenotype exhibited by rho4Δ mutants (PEREZ et al.
2015). Moreover, Agn1 and Eng1 fail to localize to the septum at elevated temperatures
in rho4Δ mutants, and their secretion is impaired (SANTOS et al. 2005; PEREZ et al. 2015).
While Rho4 is dependent on the exocyst for its localization, the exocyst and the septins
require Rho4 to localize to the division site (PEREZ et al. 2015). Together, this suggests
that Rho4 positions the septin ring and exocyst complex to enable the Rho3-mediated
secretion of Agn1 and Eng1 that facilitates cell separation. Rho4 may also regulate
septum formation, as rho4Δ cells exhibit excessive secondary septum (NAKANO et al.
2003). Rho4 has but one bonafide GEF, Gef3, which activates Rho4 at the septin ring
(WANG et al. 2015). Deletion of gef3 results in the mislocalization of Agn1 and Eng1,
and results in delayed cell abscission (ZHU et al. 2013). An additional GEF, Gef2, also
interacts with Rho4. Gef2, binds Rho1, Rho4, and Rho5, although its GEF activity
towards these GTPases have yet to be demonstrated (ZHU et al. 2013). Gef2 promotes
Rho4 localization to the division site, although the mechanism has not been elucidated
(ZHU et al. 2013). Gef2 localizes to cortical nodes and aids in the positioning of the
contractile ring, for which its GEF activity is required (ZHU et al. 2013). It is tempting to
speculate that Rho1 or Rho5 may play a role in this process, since the Rho1 orthologue
RhoA mediates the placement and assembly of the actomyosin ring in higher eukaryotes
(CHIRCOP 2014).

Concluding remarks

Just as there are multiple steps in cytokinesis that must occur in a precise order, there are
multiple Rho GTPases to regulate each step of this process. Cdc42 controls several events
during cytokinesis, beginning with the timing of constriction onset through the
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localization of Bgs1 (WEI et al. 2016). Through the regulation of endocytic patch
dynamics, Cdc42 regulates Cdc15 distribution along the actomyosin to ensure centripetal
septum formation (ONWUBIKO et al. 2019). Cdc42, along with Rho1 and Rho4, also
regulates septum morphology to ensure that the cell is competent for cell separation
(WANG et al. 2015). Cdc42 and Rho4 regulate the membrane trafficking and remodeling
events necessary for cell separation (WANG et al. 2015). Rho1 is the primary regulator of
septum formation, although Rho2 and Rho5 may contribute to this process (ARELLANO et
al. 1996; ARELLANO et al. 1999; NAKANO et al. 2005). Rho1 also reinforces SIN activity
during cytokinesis (JIN et al. 2006; ALCAIDE-GAVILAN et al. 2014). Finally, Rho3 and
Rho4 regulate the delivery and secretion of the glucanases that promote cell separation
(NAKANO et al. 2003; WANG et al. 2003; SANTOS et al. 2005; PEREZ et al. 2015). Given
the overlap of Rho GTPase activity in many of these processes, it is possible that
crosstalk between these GTPases coordinates their activity, or prevents the premature
activity of another.

Although Rho GTPase crosstalk has been well documented in other organisms, little is
known about this process in fission yeast (GUILLUY et al. 2011). The clearest example of
crosstalk between Rho GTPases involves RhoA and Cdc42, which are mutually
antagonistic in Xenopus oocytes during wound healing (BENINK AND BEMENT 2005).
However, this type of relationship has not yet been described in S. pombe. Cdc42 and
Rho4 activity may be coordinated during the process of septum formation. rho4Δ mutants
exhibit septum defects consisting of excessive secondary septum, similar to those of
scd1Δ cells (NAKANO et al. 2003; WEI et al. 2016). Furthermore, rho4Δ exhibits a strong
genetic interaction with the Cdc42 GEF, Gef1, in which gef1Δ rho4Δ and gef1Δ gef3Δ
double mutant populations exhibit an elevated septation index and a high fraction of
multiseptated cells (WANG et al. 2015). Gef3/Rho3 and Cdc42 may also play
complementary roles in the regulation of the membrane trafficking and remodeling steps
during late cytokinesis (MUNOZ et al. 2014). These two GTPase signaling pathways
likely converge at the For3/Pob1 complex, which is essential for cell separation (TOYA et
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al. 1999; RINCON et al. 2009; NAKANO et al. 2011). Pob1 is a downstream effector of
Cdc42 and is required for actin organization and membrane trafficking (TOYA et al. 1999;
RINCON et al. 2009; NAKANO et al. 2011). pob1-664 mutants show secretory vesicle
accumulation and exhibit actin cable defects, but can be complemented by
overexpression of rho3 (NAKANO et al. 2011). Rho3 also appears to antagonize Rho1, as
deletion of gef3 suppresses cell integrity defects of rgf3 switch off mutants (MUNOZ et al.
2014). Crosstalk may also exist between Rho3 and Rho4 at multiple levels. First, Rho4
positions the septin ring and the exocyst at the division site, which is required for the
subsequent localization of Rho3 (WANG et al. 2003; PEREZ et al. 2015). Second, Rho4 is
activated at the division site by the Rho3 GEF Gef3 (WANG et al. 2015). It is likely that
this then facilitates Rho3 localization through Gef3.

In budding yeast, the polo kinase Cdc5 recruits the Rho1 GEFs Tus1 and Rom2 to the
bud neck, which in turn enables Rho1 activation to initiate ring assembly (YOSHIDA et al.
2006). The fission yeast orthologue of polo kinase, Plo1, initiates SIN signaling to control
the timing of cytokinesis (BAHLER et al. 1998; CULLEN et al. 2000). To what extent the
SIN leads to the activation of the Rho GTPases during cytokinesis in S. pombe is unclear.
An interesting feedback loop exists between the SIN and Rho1. The SIN protein Etd1
activates Rho1, which in turn enhances SIN activity (ALCAIDE-GAVILAN et al. 2014).
SIN signaling likely coordinates with cell separation as well as with septum formation.
Cells mutated in the terminal SIN kinase, Sid2, lyse after multiple rounds of mitosis
uninterrupted by cytokinesis. Lysis of sid2-250 cells is suppressed by the deletion of
either rho4 or gef2, suggesting that SIN signaling and cell separation may be integrated
by the GEF Gef2 (ZHU et al. 2013).

By requiring a sequential series of events involving multiple GTPases, the cell provides a
mechanism to ensure that multiple waves of proteins are delivered to a precise location at
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a specific time. Since cytokinetic events are precisely timed, such a manner of regulation
would function as an internal clock or checkpoint to ensure the fidelity of cell separation.
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Abstract

During cytokinesis, animal and fungal cells form a membrane furrow via actomyosin ring
constriction. Our understanding of actomyosin ring-driven cytokinesis stems extensively
from the fission yeast model system. However, unlike animal cells, actomyosin ring
constriction occurs simultaneously with septum formation in fungi. While the formation
of an actomyosin ring is essential for cytokinesis in fission yeast, proper furrow
formation also requires septum deposition. The molecular mechanisms of spatiotemporal
coordination of septum deposition with actomyosin ring constriction are poorly
understood. Although, the role of the actomyosin ring as a mechanical structure driving
furrow formation is better understood, its role as a spatiotemporal landmark for septum
deposition is not widely discussed. Here we review and discuss recent advances
describing how the actomyosin ring spatiotemporally regulates membrane traffic to
promote septum driven cytokinesis in fission yeast. Finally, we explore emerging
questions in cytokinesis, and discuss the role of extracellular matrix during cytokinesis in
other organisms.
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Introduction

Cytokinesis, the final step in cell division, is essential for growth, development, and cell
differentiation (GUERTIN et al. 2002; LI 2007). After the nucleus divides by mitosis, the
cell splits its cytoplasm into two via cytokinesis, giving rise to two daughter cells.
Successful cytokinesis ensures that the two daughter cells maintain genomic integrity and
chromosome number during division. In animal and fungal cells, cytokinesis occurs via
the constriction of an actomyosin based contractile ring to form the cleavage furrow
(POLLARD 2010). The fission yeast, Schizosaccharomyces pombe, is an excellent model
system for understanding the molecular mechanism for actomyosin ring formation
(POLLARD AND WU 2010). However, cytokinesis in fission yeast is more complex as it
also requires the formation of a septum (cell wall) at the division site in addition to
assembling a contractile actomyosin ring. Upon mitotic commitment, the cell prepares for
cytokinesis through the recruitment of proteins necessary for ring formation to the
precursor nodes (COFFMAN et al. 2009; LAPORTE et al. 2011). The Septation Initiation
Network (SIN) pathway, activated by the GTPase Spg1, promotes proper positioning of
the precursor nodes to the cell middle surrounding the nucleus to ensure that the
actomyosin ring forms between the incipient daughter nuclei, thus preventing polyploidy
and aneuploidy (POLLARD AND WU 2010; RINCON et al. 2017) . This ensures that the cell
divides along the middle, thereby generating two equal sized daughter cells.

The proteins that are recruited to the precursor nodes prior to initiation of cytokinesis,
and their dynamics, have been assiduously described in several studies (WU et al. 2006;
HUANG et al. 2008; VAVYLONIS et al. 2008; COFFMAN et al. 2009; LAPORTE et al. 2011;
CORTES et al. 2018). Once the precursor nodes recruit the formin Cdc12, actin nucleation
and filament formation occur (KOVAR et al. 2003; YONETANI et al. 2008; COFFMAN et al.
2009). Different models have addressed how the actomyosin ring is assembled during
cytokinesis; one model proposes that the type II myosin interacts with actin filaments
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using a search, capture, pull, and release mechanism to form a ring (Figure 3.1Ai)
(VAVYLONIS et al. 2008). An alternate model, that is not mutually exclusive, proposes
that the ring assembles from a single site, where two groups of parallel actin filaments of
opposing direction rearrange to form a structure with mixed directionality (Figure 3.1Aii)
(KAMASAKI et al. 2007). A third model proposes that non-medial actin cables generated
mainly by the formins Cdc12 and to an extent For3 are incorporated into the cells medial
region to condense into a ring (Figure 3.1Aiii) (HUANG et al. 2012; COFFMAN et al.
2013). The SIN pathway works in parallel with the spindle assembly checkpoint to
ensure that constriction initiates only after initiation of chromosome segregation (CHEN et
al. 2008; CLIFFORD et al. 2008; ROBERTS-GALBRAITH et al. 2010; BOHNERT et al. 2013;
SIMANIS 2015; CORTES et al. 2018).

Unlike most mammalian cells where ring constriction initiates immediately upon ring
assembly, in fission yeast the ring undergoes a maturation or dwell phase following its
assembly in early anaphase A (WU et al. 2003). During anaphase B, the maturation phase
ends, and ring constriction is initiated (CORTES et al. 2018). A recent report indicates that
ring constriction occurs in two phases: a slow phase that initiates during anaphase B and
a faster phase once anaphase completes (CORTES et al. 2005; CORTES et al. 2018). The
constriction of the ring is concurrent with septum deposition along the membrane
adjacent to the ring (LAPORTE et al. 2010; CORTES et al. 2018). The septum, once built,
physically separates the two daughter cells. It is comprised of a middle layer (primary
septum) flanked by two secondary septa (CORTES et al. 2002; CORTES et al. 2007;
MUNOZ et al. 2013). Several reviews extensively describe the molecular structure of the
fission yeast septa (CORTES et al. 2016; GARCIA CORTES et al. 2016). After completion of
ring constriction, the septum matures, and the middle layer (primary septum) is degraded
by digestive enzymes, marking the completion of cytokinesis (MARTIN-CUADRADO et al.
2003; DEKKER et al. 2004). The secondary septum remains intact and serves as the new
cell wall for the two daughter cells (MUNOZ et al. 2013). It is unclear how the process of
septum synthesis during furrow formation is spatiotemporally coordinated with
45

Figure 3.1 Early cytokinetic events. A. Models for actomyosin ring assembly. i. The searchcapture-pull-release model- the formin Cdc12 when recruited to the nodes nucleates actin while
the type 2 myosin binds actin and pulls on the filaments to coalesce into a ring. ii. The Leading
cable model- A patch of formin, Cdc12, nucleates actin cables that extends along the periphery
of the division site to eventually form a ring. iii. Non-medial cable incorporation model. The
formins Cdc12 and For3 nucleate actin to form non-medial cables that are then incorporated into
the cells medial region to for a ring. B. Timeline of key proteins recruited to the division site
leading to ring constriction with reference to different cytokinetic steps and mitotic progression.
Biphasic ring constriction is depicted as Ring constriction I that occurs during anaphase B after
Bgs1 recruitment and is slow and as Ring constriction II that occurs during telophase after
recruitment of Ags1 and Bgs4 and is accelerated.
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Figure 3.1
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actomyosin ring constriction. Studies on the regulation of cytokinesis in fission yeast
have focused mostly on the structural aspects of the ring and how it is assembled
(LAPORTE et al. 2010; LEE et al. 2012; POLLARD 2014). Recently, super-resolution
microscopy enabled the spatial mapping of proteins localized to the cytokinetic nodes and
to the ring after assembly, showing their proximity to the ring and the membrane
(LAPLANTE et al. 2016; MCDONALD et al. 2017). However, once the ring assembles, how
the organization of these proteins drive concurrent ring constriction and septum
ingression remains unclear.

Septum driven cytokinesis in fission yeast

In fission yeast, cytokinesis involves both ring constriction and simultaneous septum/cell
wall ingression. The primary septum is mainly comprised of linear 1,3-β-glucan,
polymerized by the β-glucan synthase Bgs1 (Table 3.1) (HUMBEL et al. 2001; CORTES et
al. 2007). The secondary septum is structurally different from the primary septum and
primarily consists of 1,6-β-branched 1,3-β-glucan, synthesized by Bgs4 (Table 3.1)
(RIBAS et al. 1991; HUMBEL et al. 2001; CORTES et al. 2005; MUNOZ et al. 2013). In
addition, the primary and secondary septum also consists of α(1,3)-glucan synthesized by
Ags1/Mok1 (Table 3.1) (HOCHSTENBACH et al. 1998; KATAYAMA et al. 1999; CORTES et
al. 2012). The glucan synthase homolog Bgs3 also localizes to the septum during
cytokinesis and is speculated to contribute to the synthesis of 1,6-β-branched 1,3-βglucan (MARTIN et al. 2003). Bgs1-3 and Ags1 are integral membrane proteins and
localize to the division site in a manner dependent on the actomyosin ring (KATAYAMA et
al. 1999; CORTES et al. 2002; LIU et al. 2002; MARTIN et al. 2003; CORTES et al. 2005;
CORTES et al. 2012; MUNOZ et al. 2013; ARASADA AND POLLARD 2014; REN et al. 2015;
WEI et al. 2016). Bgs1 has been shown to require the ring protein Cdc15 for its
localization to the division site (ARASADA AND POLLARD 2014). In cdc15 mutants, where
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Table 3.1 Enzymes delivered to the division site during cytokinesis
Enzyme

Polysaccharide

Septum synthesis
Ags1/Mok1 α(1,3)-D-Glucan

Bgs1

Linear β(1,3)-DGlucan

Bgs4

Branched
β(1,3)-D-Glucan

Septum digestion
Agn1, Eng1 endo-1,3-alphaglucosidase

Septum structure

Localization
depends on

Reference

Primary septum
and secondary
septum
Primary septum

Exocyst
complex,
Pck2
Sbg1, SIN
pathway,
Cdc15,
Cdc42,
Myo52,
TRAPP II
complex

(KATAYAMA et al.
1999; CORTES et al.
2012)
(CORTES et al. 2002;
MULVIHILL et al.
2006; CORTES et al.
2007; ARASADA AND
POLLARD 2014;
CORTES et al. 2015;
DAVIDSON et al.
2016; WANG et al.
2016; WEI et al.
2016)
(CORTES et al. 2005;
ARASADA AND
POLLARD 2015)

Primary and
Rga7,
secondary septum TRAPP II
complex
Between the base
of the primary
septum and the
outer cell wall

Rho3, Rho4,
Exocyst
complex,
Septin ring

(WANG et al. 2002;
MARTIN-CUADRADO
et al. 2003; NAKANO
et al. 2003; WANG et
al. 2003; DEKKER et
al. 2004; GARCIA et
al. 2005; SANTOS et
al. 2005; MARTINCUADRADO et al.
2008; VILLALOBOSDUNO et al. 2013;
MUNOZ et al. 2014;
SIPICZKI et al. 2014;
PEREZ et al. 2015;
WANG et al. 2015)
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Bgs1 recruitment to the division site is impaired, the actomyosin ring is not properly
anchored to the membrane and has been shown to slide (ROBERTS-GALBRAITH et al.
2009; ARASADA AND POLLARD 2014). The integral membrane protein Sbg1 links the
actomyosin ring with Bgs1 (DAVIDSON et al. 2016; SETHI et al. 2016). It is unclear if
Bgs1 enzyme activity is needed for anchoring the ring. While the authors report that
addition of the drug Aculeacin A (blocks glucan synthesis) does not lead to ring sliding,
Bgs1 is resistant to this drug and thus one cannot conclude if the Bgs1 enzymatic activity
is necessary for anchoring the ring (CASTRO et al. 1995; MARTINS et al. 2011). Bgs1 has
been reported to cooperate with Paxillin Pxl1 and Cdc15 to maintain ring integrity and to
promote septum synthesis (CORTES et al. 2015).

Similar to cdc15 and bgs1 mutants, pxl1 mutants also show ring sliding defects (CORTES
et al. 2015). Paxillin has been shown to recruit the phosphatase calcineurin Ppb1 to the
division site, which in turn dephosphorylates Cdc15 and promotes Bgs1-dependent
septum synthesis (MARTIN-GARCIA et al. 2018). During anaphase the SIN pathway is
activated and Bgs1 is recruited to the division site as the ring completes maturation and
initiates constriction (CORTES et al. 2018). At this stage the rate of ring constriction and
septum ingression is slow and only the primary septum with linear 1,3-β-glucan are
synthesized (CORTES et al. 2018). Once anaphase completes, Bgs4 is also recruited to the
division site and the rate of ring constriction and septum ingression are accelerated
(CORTES et al. 2018). It is possible that the acceleration in septum ingression is due to
that fact that Bgs4 and Ags1 make 1,6-β-branched 1,3-β-glucan and α(1,3)-glucan
respectively, that provide support and rigidity to the septum. Synthesis of a more rigid
septum could lead to faster membrane invagination and ring constriction since the septum
is coupled to the membrane barrier which in turn is associated with the actomyosin ring
(MUNOZ et al. 2013; ARASADA AND POLLARD 2014).
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Bgs1 enzyme activity promotes proper septum ingression and simultaneous ring
constriction (LE GOFF et al. 1999; CORTES et al. 2007; PROCTOR et al. 2012; CORTES et
al. 2015). Cells with hypomorphic bgs1 or absence of bgs1 assemble a normal ring but
show delayed and slow furrow formation with severe defects in septum morphology (LE
GOFF et al. 1999; LIU et al. 1999; CORTES et al. 2007; PROCTOR et al. 2012; CORTES et
al. 2015). It is unclear why septum deposition is required for timely initiation of ring
constriction. One report suggests that cell-walled organisms such as fission yeast have
high internal turgor pressure that antagonizes furrow formation (PROCTOR et al. 2012).
This high internal turgor pressure is approximated to be ~0.95MPa, similar to the
pressure in a racing bike tire (PROCTOR et al. 2012). Mathematical estimations suggest
that actomyosin ring constriction does not generate sufficient force to overcome this
turgor pressure (PROCTOR et al. 2012). Efforts to explain how the high internal turgor
pressure is overcome during cytokinesis leave open questions. In vitro studies in yeast
protoplasts indicate that constriction is dependent on type II myosin and ATP (MISHRA et
al. 2013; STACHOWIAK et al. 2014). However, in vivo experiments have shown that
cytokinesis proceeds, even when the actomyosin ring is artificially removed using the
actin depolymerizing drug Latrunculin- A (PROCTOR et al. 2012). In these Latrunculin-A
treated cells, septum ingression must complete about 50% of the septum length, prior to
removal of the contractile actomyosin ring for a complete septum to form. Interestingly,
the rate of septum synthesis is slower in these cells, compared to untreated cells,
indicating that the actomyosin ring is still necessary for efficient cytokinesis. Based on
these observations the authors propose a model in which septum ingression provides the
force required to overcome internal turgor pressure for membrane furrowing (PROCTOR et
al. 2012). Actomyosin ring constriction defects reported in mutants with the thermosensitive bgs1 allele cps1-191 can also be explained by the fact that Bgs1 is required for
anchoring the ring to the membrane and for actomyosin ring integrity (ARASADA AND
POLLARD 2014; CORTES et al. 2015). Anomalies in ring stability could also lead to
constriction defects. Another consideration is that the actomyosin ring may fail to
constrict when it is coupled to a rigid septum. Coupling of the septum to the membrane
barrier could be detrimental to membrane ingression and ring constriction as the rigid
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septum cannot be pulled in during this process. In this scenario, the ring would constrict
and form a membrane furrow only upon de novo septum deposition and ingression. Thus
an alternate model suggests that under normal conditions, building the septum de novo
towards the cell interior as the ring constricts, is necessary for septum ingression
(CHEFFINGS et al. 2016). This is further supported by the observation that in bgs4 mutants
lacking secondary septum, the ring is no longer coupled to the primary septum and the
rate of constriction is faster (MUNOZ et al. 2013). Moreover, contrary to the model
proposed by Proctor et al., (PROCTOR et al. 2012) this report shows that the ring can
constrict even in the absence of septum ingression suggesting that ring constriction per se
does not need septum ingression. It is likely that septum ingression is only necessary
when the membrane is coupled to the septum (MUNOZ et al. 2013).

While septum ingression drives furrow formation, the actomyosin ring is required to
spatially coordinate septum synthesis. By using microfluidic chambers to manipulate the
shape of the actomyosin ring, it is possible to alter the rate of septum ingression (ZHOU et
al. 2015). In regions of the ring with increased curvature, the rate of corresponding
septum ingression is higher (ZHOU et al. 2015). Moreover, in cells with misshapen
actomyosin rings, curvature-dependent septum ingression over time corrects the shape of
the cleavage furrow to a regular circular shape (ZHOU et al. 2015). Thus, it is possible
that septum ingression is activated by the actomyosin ring in a mechanosensitive manner.
Evidence for mechanosensitive activation of septum synthesis has also been reported by
another study (THIYAGARAJAN et al. 2015). A mathematical model was developed to
explain how septum synthesis is spatially coordinated such that the shape of the furrow is
fairly circular (THIYAGARAJAN et al. 2015). This model suggests that septum deposition
responds to actomyosin ring tension, resulting in faster septum deposition in regions of
the ring with high tension due to increased curvature (THIYAGARAJAN et al. 2015). Thus,
throughout constriction, the septum synthesizing apparatus responds to the forces
generated by the actomyosin ring and correspondingly synthesizes septum. The rate of
furrow formation is set by the rate of septum synthesis, which is imposed by the force
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generated from the actomyosin ring (THIYAGARAJAN et al. 2015). This is also supported
by the fact that type II myosin mutants, myo2-E1 and myp2Δ show ring constriction
defects and corresponding delays in furrow formation suggesting delays in septum
ingression (LAPLANTE et al. 2015).

The contractile actomyosin ring also acts as a landmark for the septum
synthesizing apparatus

While the actomyosin ring is necessary to initiate septum synthesis, it is no longer
necessary once septum synthesis initiates (CHANG et al. 1996; KITAYAMA et al. 1997;
MAY et al. 1997; BALASUBRAMANIAN et al. 1998). It has been reported that apart from
providing a contractile structure, the ring has an additional and likely critical role in
cytokinesis, where it acts as a landmark for the recruitment of the septum synthesizing
apparatus (Figure 3.1B) (KATAYAMA et al. 1999; CORTES et al. 2002; LIU et al. 2002;
CORTES et al. 2005; CORTES et al. 2012). During mitosis, the anillin-like protein Mid1
recruits proteins required for actomyosin ring formation to the cytokinetic nodes
(SOHRMANN et al. 1996; BAHLER et al. 1998; PAOLETTI AND CHANG 2000; LAPORTE et
al. 2011). Mid1 recruits the type II myosin Myo2, its regulatory light chain Rlc1, the
myosin II light chain Cdc4 and the IQ-GAP Rng2 in a complex (LAPORTE et al. 2011).
Mid1 also recruits the F-BAR protein Cdc15 to the nodes. Both these complexes then
independently recruit the formin Cdc12 to the division site (YONETANI et al. 2008;
LAPORTE et al. 2011). Once the formin Cdc12 is recruited to the nodes it starts nucleation
of actin filaments (WU et al. 2003).

Assembly of the actomyosin ring is regulated at multiple levels. The Septation Initiation
Network (SIN), analogous to the Hippo signaling pathway, couples ring constriction and
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septum formation with chromosome segregation (ROBERTS-GALBRAITH AND GOULD
2008; HERGOVICH AND HEMMINGS 2009; SIMANIS 2015). The terminal SIN kinase, Sid2,
phosphorylates Cdc12, thus promoting its F-actin bundling activity (BOHNERT et al.
2013). Thus timely recruitment of the proteins to the nodes and the activation of the SIN
pathway ensure that the actomyosin ring starts assembly and is available for constriction
once the cells start chromosome segregation (CORTES et al. 2018). The ring completes
assembly during anaphase A, but starts constricting only during Anaphase B (Figure
3.1B) (WU et al. 2003; CORTES et al. 2018). This delay in constriction could be due to the
fact that after its assembly, the ring acts as a landmark to recruit proteins required for
septum formation, and constriction only initiates once these proteins are available to start
septum synthesis. Indeed, during anaphase B ring constriction is slow when Bgs1 is the
only septum synthesizing enzyme recruited (Figure 3.1B) (CORTES et al. 2018). Upon
telophase onset, Bgs4 is recruited and constriction occurs at a faster rate (Figure 3.1B)
(CORTES et al. 2018). A key protein involved in recruiting or stabilizing proteins at the
actomyosin ring is the F-BAR domain containing protein Cdc15 (ROBERTS-GALBRAITH
et al. 2009; REN et al. 2015). The BAR domain of Cdc15 interacts with the membrane,
while the SH3 (Src homology 3) domain binds proteins that associate with the ring
(ROBERTS-GALBRAITH et al. 2009; MCDONALD et al. 2015; REN et al. 2015).

Thus Cdc15 is required for anchoring the actomyosin ring to the membrane (ARASADA
AND POLLARD

2014; MCDONALD et al. 2017). The SIN pathway kinase Sid2 also

phosphorylates Cdc14, the Clp1 phosphatase which dephosphorylates Cdc15 (CHEN et al.
2008; CLIFFORD et al. 2008; ROBERTS-GALBRAITH et al. 2010). Phospho-regulation of
Cdc15 results in a conformational change that promotes its oligomerization and enables it
to scaffold numerous proteins at the interface between the plasma membrane and the
actomyosin ring (ROBERTS-GALBRAITH et al. 2010). While Cdc15 is required for
cytokinesis, it is not essential for actomyosin ring formation in the presence of an active
SIN pathway as observed in cdc15Δ and cdc15-140 mutants (WACHTLER et al. 2006;
HACHET AND SIMANIS 2008). However, actomyosin rings are highly unstable and
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disintegrate in cdc15-140 mutants suggesting that it is required for ring maintenance
(WACHTLER et al. 2006; HACHET AND SIMANIS 2008; CORTES et al. 2012). The
actomyosin ring in cells lacking cdc15 may not be competent to undergo constriction
(WACHTLER et al. 2006; ARASADA AND POLLARD 2014). This is due to two factors: (i)
misregulation of Cdc12, discussed above, and (ii) failure to recruit the septum
synthesizing apparatus (KATAYAMA et al. 1999; CORTES et al. 2002; LIU et al. 2002;
CORTES et al. 2005; CORTES et al. 2012; ARASADA AND POLLARD 2014).

Once the ring assembles, Cdc15 levels at the division site continue to increase (WU AND
POLLARD 2005). Cdc15 via its SH3 domain scaffolds numerous proteins to the division
site (REN et al. 2015). The SH3 domain is also required for the localization of Bgs1 to the
actomyosin ring (ARASADA AND POLLARD 2014; CORTES et al. 2015). The catalytic
activity of glucan synthases requires activation of the Rho GTPase, Rho1 (RIBAS et al.
1991; ARELLANO et al. 1996). Cdc15 interacts with the Rho1 GEF (guanine nucleotide
exchange factor) Rgf3 and helps recruit it to the division site after actomyosin ring
assembly (TAJADURA et al. 2004; MORRELL-FALVEY et al. 2005; MUTOH et al. 2005;
GARCIA et al. 2006; REN et al. 2015; PEREZ et al. 2018). In addition to Cdc15, Imp2,
another F-BAR and SH3 domain containing protein, is involved in scaffolding proteins at
the actomyosin ring (ROBERTS-GALBRAITH et al. 2009; REN et al. 2015). Cdc15 and
Imp2 SH3 domains function in a redundant manner. The SH3 domains of these two
proteins function cooperatively and mutants lacking both the SH3 domains are not viable
(ROBERTS-GALBRAITH et al. 2009). In cdc15ΔSH3 imp2ΔSH3 double mutants, analysis of
the spores indicate that these mutants display fragmented actomyosin rings and fail
cytokinesis (ROBERTS-GALBRAITH et al. 2009). Furthermore, tandem affinity purification
of the SH3 domains and subsequent mass spectrometry identified multiple proteins that
associate with either Cdc15-SH3 or Imp2-SH3 (REN et al. 2015). Thus, the SH3 domains
structurally stabilize the actomyosin ring and function as a scaffold that recruits multiple
proteins to the ring after assembly.
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Interestingly, while Cdc15 localizes to the division site prior to onset of actomyosin ring
assembly, the primary septum synthesizing apparatus including Bgs1 and Rgf3 localize to
the division site only after the ring is assembled (MORRELL-FALVEY et al. 2005; MUTOH
et al. 2005; CORTES et al. 2015; WEI et al. 2016; CORTES et al. 2018). This ensures that
septum synthesis does not initiate before chromosomes start segregation. We have shown
along with others that Cdc15 levels at the ring rapidly increase after ring assembly, and it
is possible that the Cdc15 population recruited after ring assembly specifically promotes
localization of Bgs1 and Rgf3 (WU AND POLLARD 2005; REN et al. 2015; ONWUBIKO et
al. 2019). Bgs1 localization at the membrane also requires the small GTPase Cdc42
(ESTRAVIS et al. 2011; WEI et al. 2016). It has been reported that Cdc42 is activated at
the division site as the ring completes assembly (HIROTA et al. 2003; WEI et al. 2016).
Cdc42 activation at the assembled ring depends on the GEF, Gef1, and mutants lacking
gef1 display a delay in Bgs1 localization to the ring (WEI et al. 2016). It is possible that
while Cdc15 is present at the ring from the onset of ring assembly, Bgs1 is recruited to
the ring only upon Gef1-mediated Cdc42 activation in the assembled ring (WEI et al.
2016). The septum ingresses centripetally indicating that deposition occurs uniformly
along the membrane behind the actomyosin ring and along the ingressing membrane.
This indicates that Cdc15 and thus the septum building apparatus is uniformly localized
along the actomyosin ring leading to centripetal septum deposition (CORTES et al. 2002;
LIU et al. 2002; MARTIN et al. 2003; CORTES et al. 2005; CORTES et al. 2012; MUNOZ et
al. 2013; ONWUBIKO et al. 2019).

Another F-BAR domain containing protein, Rga7 has been shown to be required for
maintaining actomyosin ring integrity, and for proper septum synthesis in cooperation
with Cdc15 and Imp2 (MARTIN-GARCIA et al. 2014). Rga7 is a Rho2 GTPase activating
protein (GAP), but the catalytic activity is not required for its role in cytokinesis (SOTO et
al. 2010; MARTIN-GARCIA et al. 2014). Rga7 interacts with Rng10, a coiled-coil protein
that enables it to interact with the membrane at the division site and promote ring stability
(LIU et al. 2019). Rga7 has been shown to specifically promote Bgs4 recruitment to the
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division site (ARASADA AND POLLARD 2015). The integral membrane protein Sbg1 has
also been shown to promote Bgs1 localization at the septum (DAVIDSON et al. 2016;
SETHI et al. 2016). Bgs1 and Sbg1 localization are dependent on each other and Sbg1
associates with both Bgs1 as well as the actomyosin ring components thus linking the two
(SETHI et al. 2016).

Membrane trafficking events during cytokinesis

Recent reports indicate that Membrane trafficking events at the division site are essential
for cytokinesis (WANG et al. 2016; WEI et al. 2016). Blocking endocytosis using the
Arp2/3 inhibitor CK-666 prevents initiation of septum ingression and cell separation
during cytokinesis (ONWUBIKO et al. 2019). Interestingly, CK-666 treatment does not
inhibit actomyosin ring formation (ONWUBIKO et al. 2019). This suggests that membrane
trafficking events are involved in distinct cytokinetic events. The trafficking events
participating in the different cytokinetic stages are discussed in Fig. 3.2.

Actomyosin ring maturation

After the ring assembles, the Bgs1 is delivered to the membrane adjacent to the ring via
actin-mediated delivery (Figure 3.2A) (WEI et al. 2016; CORTES et al. 2018). The type V
myosins been shown to be required for this process (MULVIHILL et al. 2006). Actinmediated delivery depends on the formin For3 that nucleates actin to form cables
(MARTIN et al. 2007). It is not clear if For3 is also required for the delivery of glucan
synthases. Mutants of for3 only display minor cytokinetic defects suggesting that
redundant delivery mechanisms could function here (COFFMAN et al. 2013). However,
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Figure 3.2 During cytokinesis, membrane trafficking events promote septum formation,
membrane ingression and septum digestion in fission yeast. A. Actomyosin ring Maturation:
During actomyosin ring maturation the septum synthesizing glucan synthase Bgs1 is delivered to
the membrane adjacent to the ring through secretory vesicles and type V myosin, and via the
TRAPP-II complex. B. Actomyosin ring constriction and septum ingression: Ring constriction
occurs in a biphasic manner. In Anaphase B the actomyosin ring constriction initiates at a slow
rate and this is concurrent with septum ingression. In late anaphase B Ags1 is delivered while
Bgs4 is delivered after the completion of Anaphase B. At this stage the rate of constriction and
septum ingression accelerates. Glucan synthases delivery and membrane deposition continues
during ring constriction and septum ingression. Endocytosis and the exocyst complex is mainly
restricted to the rim of the ingressing membrane. C. Septum digestion: Cell wall digestive
glucanases are delivered to the base of the primary septum via exocyst-mediated delivery leading
to cell separation.
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for3 mutants combined with an activated allele of the formin cdc12 is lethal, but in this
case the cells fail to assemble an actomyosin ring (COFFMAN et al. 2013). Bgs1
localization is also dependent on the F-BAR Cdc15 and the timely activation of the
GTPase Cdc42 (ESTRAVIS et al. 2012; WEI et al. 2016). Upon blocking endocytosis by
CK-666 treatment, the cells form a ring but fail to recruit Bgs1. In addition, the levels of
Cdc15 which typically increases at this stage, remains the same (ONWUBIKO et al. 2019).
Similar observations were made with the endocytosis defective arp3-c1 cold sensitive
mutant (ONWUBIKO et al. 2019). At the maturing ring, Gef1-mediated Cdc42 activation
facilitates recruitment of Bgs1 to the ring (WEI et al. 2016). On the other hand, Bgs1
delivery to the ingressing membrane depends on Scd1-mediated Cdc42 activation (WEI et
al. 2016). While the mechanism by which Cdc42 promotes Bgs1 delivery is not clear,
gef1 mutants which do not activate Cdc42 during ring maturation show defects in type V
myosin, Myo52 localization to the division site and fewer non-medial actin cables (WEI
et al. 2016). Therefore, it is possible that Cdc42 regulates actin-mediated delivery of
Bgs1.

It has been shown that Gef1 mediated Cdc42 activation promotes endocytosis
(ONWUBIKO et al. 2019). In gef1 mutants, Cdc15 levels at the endocytic patches are
higher and the patch itself displays longer lifetimes (ONWUBIKO et al. 2019). In a gef1Δ
mutant combined with an activated allele of cdc12, cdc12Δ503, the cells show defects in
septum ingression and do not constrict centripetally (ONWUBIKO et al. 2019). In these
gef1Δcdc12Δ503 mutants, the cells display irregular distribution of Cdc15 along the ring
such that regions of the ring with increased Cdc15 levels constrict at a faster rate. Since
Cdc15 recruitment to the assembled ring requires endocytosis (ONWUBIKO et al. 2019)
and Cdc15 is involved in endocytosis (ARASADA AND POLLARD 2011), it is possible that
after ring assembly, the cell recruits Cdc15 to the ring mainly from the endocytic patch.
In agreement, disruption of endocytosis leads to defects in Cdc15 recruitment resulting in
its irregular distribution at the ring (ONWUBIKO et al. 2019). These findings indicate that
membrane trafficking events such as endocytosis are required to uniformly organize
59

Cdc15 along the ring thereby leading to centripetal septum ingression and constriction.

Actomyosin Ring Constriction and Septum Ingression

After ring constriction initiates, glucan synthases such as Bgs4 and Ags1 are recruited to
the membrane adjacent to the ring and to the ingressing membrane and rate of ring
constriction accelerates (Figure 3.2B) (KATAYAMA et al. 1999; CORTES et al. 2005;
CORTES et al. 2012; CORTES et al. 2018). While Ags1 is recruited during late Anaphase
B, Bgs4 is recruited during telophase (CORTES et al. 2018). Surprisingly, while Cdc42 is
required for Bgs1 recruitment, it does not promote recruitment of Bgs4 (ESTRAVIS et al.
2012; WEI et al. 2016). It is unknown if Cdc42 is also required for the delivery of Bgs3
and Ags1. Thus, Cdc42 appears to promote delivery of specific cargoes and may not
simply regulate actin cable formation during cytokinesis.

Another component of the membrane trafficking machinery is the TRAPP-II delivery
complex which has been shown to participate in cytokinesis (WANG et al. 2016). This
complex not only delivers glucan synthases to the division site, but during ring
constriction, it also provides additional membrane via the delivery of vesicles and
tubulovesicular structures (WANG et al. 2016). The TRAPP-II complex localizes all
along the ingressing furrow and is suggested to be primarily required for delivery of
membrane necessary for membrane expansion during this process (Figure 3.2B) (WANG
et al. 2016).

The organization of the trafficking machinery is spatially regulated during cytokinesis.
While the TRAPP-II complex promotes tethering and fusion of vesicles along the entire
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ingressing membrane, the exocyst contributes to delivery only at the rim of the cleavage
furrow (WANG et al. 2016). It is possible that this spatial segregation of trafficking
apparatus facilitates delivery of specific cargoes to different regions of the cleavage
furrow. It has also been reported that endocytosis is mainly confined to the rim of the
cleavage furrow (WANG et al. 2016). It is not clear whether endocytosis is limited to the
rim to ensure unhindered membrane expansion at the leading edge of the cleavage
furrow, or whether it is required for the redistribution and/or recycling of proteins as
cytokinesis progresses.

Septum digestion and cell separation

After septum formation, septum digesting glucanases are delivered between the outer
edge of the primary septum and the lateral cell wall to properly digest the primary septum
and allow cell separation (Figure 3.2C, Table 1) (WANG et al. 2002; MARTIN-CUADRADO
et al. 2003; DEKKER et al. 2004; GARCIA et al. 2005; MARTIN-CUADRADO et al. 2005;
MARTIN-CUADRADO et al. 2008; RONCERO AND SANCHEZ 2010; SIPICZKI et al. 2014).
The delivery of the glucanases are dependent on the exocyst complex (WANG et al. 2002;
WANG et al. 2003; MARTIN-CUADRADO et al. 2005; PEREZ et al. 2015). The exocyst
complex is essential for viability, however temperature sensitive sec8-1 exocyst mutants
and germinated spores of deletion mutants show polarized cell shape, indicating that it is
not vital to cell polarity (WANG et al. 2002; BENDEZU AND MARTIN 2011). Similarly,
sec8-1 mutants under restrictive conditions display a septum, indicating that the exocyst
is dispensable for septum formation (WANG et al. 2002). However, these mutants fail to
localize the glucanases such as Eng1 and Agn1 to the division site, and as a result do not
undergo cell separation (MARTIN-CUADRADO et al. 2005). Thus, the primary role of the
exocyst complex during cytokinesis is the delivery of glucanases necessary for cell
separation.
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In addition to the exocyst complex, delivery of the hydrolytic enzymes required for
septum digestion also depends on the Rho3/4 GTPases (WANG et al. 2002; WANG et al.
2003; PEREZ et al. 2015; WANG et al. 2015). Rho3 promotes the delivery of secretory
vesicles to the delivery site, likely through interaction with the exocyst complex (WANG
et al. 2003). Interestingly, overexpression of rho3+ but not rho4+ can suppress the
separation defects of exocyst mutants (WANG et al. 2003; PEREZ et al. 2015). However,
overexpression of eng1+ or agn1+ suppresses the rho4Δ multi-septation phenotype
(SANTOS et al. 2005). rho4Δ cells display secretory defects as they exhibit reduced levels
of Eng1 and Agn1 in cell culture, and fail to localize these enzymes to the septum at
elevated temperatures (SANTOS et al. 2005). When exocyst functionality is compromised,
Rho3 localization to the division site is impaired (WANG et al. 2003). In contrast, Rho4
localization is independent of the exocyst complex but the exocyst subunit Sec8 fails to
localize to the division site in rho4 mutants (PEREZ et al. 2015). The Rho GEF, Gef3 also
contributes to cell separation, likely via Rho4 activation (WANG et al. 2015).
Interestingly, cell separation defect is elevated in gef3Δgef1Δ double mutants (WANG et
al. 2015). It is not clear if Gef1-mediated Cdc42 activity is also required for cell
separation (WANG et al. 2015).

Septin protein complexes are also required for the delivery of glucanases to the division
site. This includes the anillin homolog Mid2 and the septin proteins Spn1-4 (TASTO et al.
2003; AN et al. 2004; MARTIN-CUADRADO et al. 2005; SIPICZKI 2007; RONCERO AND
SANCHEZ 2010; WU et al. 2010; MUNOZ et al. 2014; PEREZ et al. 2015; WANG et al.
2015; ZHENG et al. 2018). Mid2 organizes the septin ring that forms on either side of the
septum barrier (TASTO et al. 2003). In the absence of the septin ring or mid2, the septum
digesting glucanases are not localized properly to the base of the primary septum
(MARTIN-CUADRADO et al. 2005). The localization of the septin ring and the exocyst
complex at the division site requires Rho4 GTPase (PEREZ et al. 2015). The septin and
exocyst localizes the GEF Gef3 which in turn activates Rho4 (MUNOZ et al. 2014; WANG
et al. 2015). It is tempting to speculate that the septins may act as a landmark to guide
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Rho4 activation, to ensure that the fusion of vesicles containing the glucanases Agn1 and
Eng1 occurs only at the base of the primary septum to promote cell separation and
prevent cell lysis. Expression of Mid2 as well as the glucanases is regulated by the
transcription factor Ace2 in a cell cycle dependent manner thus ensuring that cell
separation occurs after septation (ALONSO-NUNEZ et al. 2005; PETIT et al. 2005).
These different trafficking events occur in a temporally sequential manner at distinct
regions of the division site. Membrane trafficking events during cytokinesis are thus
tightly regulated spatiotemporally to coordinate different cytokinetic events.

Future Avenues

In fission yeast, the septum plays an important role in cytokinesis and proper septum
formation and cell separation are necessary for cell integrity and viability. By acting as a
landmark for septum synthesis, the ring ensures that the septum is always built adjacent
to the actomyosin ring, thus maintaining the fidelity of the division site positioning. As
described above, membrane trafficking events are critical for cytokinesis. Moreover,
proper cytokinesis requires spatiotemporal regulation of different membrane trafficking
events. Recent advances raise several intriguing questions in the field. Failure in any one
of the cytokinetic steps can lead to cell death. Furthermore, cytokinetic events need to
occur in the proper and sequential manner in order to maintain cell integrity and
successful cell separation. How does the cell precisely organize the different events
during cytokinesis? Evidence indicate that signaling pathways including the SIN pathway
and the Cdc42/Rho GTPases regulate the different steps in cytokinesis (ROBERTSGALBRAITH AND GOULD 2008; SIMANIS 2015; WEI et al. 2016). How are these different
signaling pathways regulated to ensure that each step during cytokinesis occurs in the
correct order and in coordination with nuclear division? How are Cdc42 and Rho
GTPases regulated to organize cytokinesis events? During cytokinesis, the septum
building apparatus is deposited at the ring membrane interface and also to the ingressing
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membrane. Membrane deposition occurs at the ingressing membrane barrier and
digestive enzymes are delivered to the rim of the membrane barrier. How do signaling
pathways spatially restrict these processes to distinct sites of action to prevent ectopic cell
wall deposition and cell lysis? Addressing these questions will provide a better
understanding of the mechanistic details of cytokinesis and provide insights into how the
cell regulates multiple membrane trafficking-mediated polarization events. Thus,
knowledge gathered on the mechanistic details of membrane trafficking and polarization
during cytokinesis will provide a paradigm for understanding fundamental principles of
cell polarity in general.

The cell wall is analogous to the extracellular matrix. Interestingly, extracellular matrix
remodeling is required for cytokinesis in other systems. In C. elegans embryos, germ
cells, and in pre-implantation mouse embryos, cytokinesis requires extracellular matrix
remodeling (HWANG et al. 2003; OLSON et al. 2006; JORDAN et al. 2011; XU AND VOGEL
2011). In C. elegans, a defect in chondroitin biosynthesis results in the failure to initiate
cytokinesis during early embryogenesis (OLSON et al. 2006). In another study it was
shown that extracellular hemicentins localize to the cleavage furrow in the germline of C.
elegans and also in mouse embryos (XU AND VOGEL 2011). In mutants lacking
hemicentin, the cleavage furrow initiates but later regresses, leading to cytokinetic failure
(XU AND VOGEL 2011). It is unclear how these extracellular matrix components
contribute to cytokinesis. A more recent study has also shown that optogenetically
activated RhoA at the medial region of C. elegans embryo initiates actomyosin ring
constriction but fails to complete this process (WAGNER AND GLOTZER 2016). It is
unclear why the cleavage furrow in these cells fail cytokinesis. One explanation could be
that premature initiation of the cleavage furrow by RhoA activation fails because the
extracellular matrix is not yet properly remodeled to facilitate cytokinesis. Thus, coupling
of extracellular matrix remodeling and actomyosin ring mediated furrow formation may
be a prevalent feature of cytokinesis in eukaryotes. Further investigations will reveal why
and how extracellular matrix promotes cytokinesis in other organisms.
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Abstract

Cdc42, a conserved regulator of cell polarity, is activated by two GEFs, Gef1 and Scd1,
in fission yeast. Why the cell needs two GEFs is unclear, given that they are partially
redundant and activate the same GTPase. Using the GEF localization pattern during
cytokinesis as a paradigm, we report a novel interplay between Gef1 and Scd1 that
spatially modulates Cdc42. We find that Gef1 promotes Scd1 localization to the
division site during cytokinesis through the recruitment of the scaffold Scd2 via a Cdc42
feedforward pathway. Similarly, in interphase Gef1 promotes Scd1 recruitment at
the new end to enable the transition from monopolar to bipolar growth. Reciprocally,
Scd1 restricts Gef1 localization to prevent ectopic Cdc42 activation during cytokinesis to
promote cell separation, and to maintain cell shape during interphase. Our findings reveal
an elegant regulatory pattern in which Gef1 primes Cdc42 activation at new sites to
initiate Scd1-dependent polarized growth, while Scd1 restricts Gef1 to functional sites.
We propose that crosstalk between GEFs is a conserved mechanism that orchestrates
Cdc42 activation during complex cellular processes.
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Introduction

Growth and division, fundamental processes in all cells, are essential for proper function
and proliferation, and function through polarization. Cell polarization relies on the ability
of the cytoskeleton to establish unique domains at the cell cortex to govern the local
function and activity of specific proteins (DRUBIN AND NELSON 1996; NANCE AND
ZALLEN 2011). The Rho family of small GTPases serves as the primary regulators of cell
polarity via actin regulation (RIDLEY 2006). Although Rho GTPases have numerous
functions, regulation of actin cytoskeleton organization is a prominent feature of these
proteins. GTPases are active when GTP-bound and inactive once they hydrolyze GTP to
GDP. Guanine nucleotide Exchange Factors (GEFs) activate GTPases by promoting the
binding of GTP, while GTPase Activating Proteins (GAPs) inactivate GTPases by
promoting GTP hydrolysis (BOS et al. 2007). A member of the Rho family GTPases,
Cdc42, is a master regulator of polarized cell growth and membrane trafficking in
eukaryotes (JOHNSON 1999; ETIENNE-MANNEVILLE 2004; HARRIS AND TEPASS 2010;
ESTRAVIS et al. 2011; ESTRAVIS et al. 2012). Cdc42 acts as a binary molecular switch and
can respond to and initiate multiple signaling pathways. In most eukaryotes, Cdc42 is
regulated by numerous GEFs and GAPs, complicating our understanding of GTPase
regulation (BOS et al. 2007). In the fission yeast Schizosaccharomyces pombe, Cdc42 is
activated by two GEFs, Gef1 and Scd1 (CHANG et al. 1994; COLL et al. 2003). The
presence of only two Cdc42 GEFs, and the well-documented process of cell polarization
in these cells, make fission yeast an excellent model system to understand the
mechanistic details of cell shape establishment. Here we report that the two Cdc42 GEFs
regulate each other during both cytokinesis and polarized growth. This finding provides
new insights into the spatiotemporal regulation of Cdc42 during critical cellular events.

Fission yeast cells are rod-shaped and grow in a polarized manner from the two ends.
Cells in early G2 phase are monopolar, and grow from the old end, which existed in the
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previous generation. Cells transition to a bipolar growth pattern in late G2 through the
process of new end take-off (NETO), when growth initiates at the new end, which was
formed during sister cell separation (MITCHISON AND NURSE 1985). Due to this simple
growth pattern, fission yeast is an excellent model to understand how a cell regulates
polarized growth from multiple sites. In fission yeast, active Cdc42 displays anticorrelated oscillations between the two ends. The regulation that leads to this oscillatory
pattern arises from both positive and time-delayed negative feedback and from
competition between the two ends and controls cell shape and polarity (DAS et al. 2012).

Cdc42 is activated at the cell ends to promote polarized growth and restricted from the
cell sides to maintain cell shape (DAS et al. 2009; DAS et al. 2012; DAS et al. 2015).
Cdc42 is also involved in cytokinesis. During cytokinesis, Cdc42 activation promotes
septum formation, and like in other systems, Cdc42 needs to be subsequently inactivated
to promote cell separation (ATKINS et al. 2013; ONISHI et al. 2013; WEI et al. 2016). The
regulatory mechanisms that allow for these spatiotemporal activation patterns are not
well understood. To explain Cdc42 activation during polarized growth, it is important to
first understand how Cdc42 regulators function. Gef1 and Scd1 are partially redundant
but exhibit unique phenotypes when deleted (CHANG et al. 1994; COLL et al. 2003),
indicating that they may regulate Cdc42 in distinct, but overlapping, manners. Scd1
oscillates between the two cell ends, much like active Cdc42 (DAS et al. 2012), and is
essential for polarity establishment (CHANG et al. 1994). Scd1 is also required for mating
(BENDEZU AND MARTIN 2013). In contrast, gef1 mutants are narrower and grow in a
monopolar fashion (COLL et al. 2003; DAS et al. 2012). Given that Gef1 is sparsely
localized to the cortex (DAS et al. 2015; TAY et al. 2018) and not required for polarity
establishment, it is unclear why Gef1 is required for bipolar growth.

Investigations into the behaviors of Gef1 and Scd1 during interphase are complicated
since Gef1 is barely detectable at sites of polarized growth, overlapping with Scd1.
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However, these GEFs also localize to the site of cell division during cytokinesis (WEI et
al. 2016). The temporal localization and function of the two GEFs are discernible during
cytokinesis since they are recruited to the division site in succession to activate Cdc42.
During cytokinesis, Gef1 localizes first to the actomyosin ring to activate Cdc42 and
promote ring constriction (WEI et al. 2016). Next, Scd1 localizes to the ingressing
membrane and regulates septum formation (WEI et al. 2016). The temporal difference
between Gef1 and Scd1 localization at the division site enables investigation of the
significance of the GEFs in Cdc42 regulation, which is unclear from studies solely of the
growing ends.

Bipolar growth occurs when the new end is able to overcome the dominance at the old
end. Here we show that Gef1 enables the new end to overcome old end dominance and
promote bipolar growth. We find that in gef1 mutants both the Cdc42 GEF Scd1 and its
scaffold Scd2 are localized mainly to the old ends. Using cytokinesis as a paradigm we
identify a novel crosstalk between Gef1 and Scd1. Our data indicate that Gef1 promotes
the localization of Scd1 to the division site via Cdc42 activation and the scaffold Scd2.
Gef1 activates Cdc42 that then promotes Scd2 recruitment and consequently Scd1. We
extend these observations to the sites of polarized growth, where we show that Gef1
promotes bipolar Scd1 and Scd2 localization to initiate growth at a second site, while
Scd1 prevents ectopic Gef1 localization to the division site and the cell cortex. By this
manner of regulation, Cdc42 activation is promoted at the new end of the cell with no
prior growth history, but is restricted from random sites. To our knowledge, such
crosstalk has not been reported to function between GEFs of the same GTPase. The
interplay between the Cdc42 GEFs operates in the same manner during both cytokinesis
and polarized growth, suggesting that this may be a conserved feature of Cdc42
regulation.
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Results

Gef1 enables the transition from monopolar to bipolar growth

Fission yeast transitions from monopolar to bipolar growth upon reaching a certain size
(MITCHISON AND NURSE 1985). It has been proposed that this size requirement is
necessary to establish two stable regions of Cdc42 activity (DAS et al. 2012). Since
protein abundance scales with cell size, this may allow for the accumulation of sufficient
GEFs and other polarity factors to maintain two sites of Cdc42 activity (DAS et al. 2012).
These models suggest that in gef1Δ cells the total active Cdc42 levels are insufficient to
allow bipolar growth, thus resulting in monopolarity. However, the dependence of
bipolarity on cell size and protein abundance cannot be explained in G1-arrested cdc10129 mutants (MARKS et al. 1986). cdc10-129 cells shifted to 36°C remain monopolar
even as they grow longer compared to cdc10+ cells (Figure 4.1A).

To gain insight into the transition to bipolar growth we examined the growth patterns of
gef1Δ mutants. The old ends initiate growth after completion of division and after a
certain size the new end initiates growth, resulting in bipolarity (Figure 4.1B)
(MITCHISON AND NURSE 1985). The two ends compete for active Cdc42; at first the old
end, which is dominant, wins this competition (DAS et al. 2012). 68% of monopolar
gef1Δ mutant cells exhibit a growth pattern in which one daughter cell is monopolar and
the other daughter cell is prematurely bipolar (Figures 4.1C and S4.1A). In monopolar
gef1Δ cells, growth occurs at the old end, which grew in the previous generation (Figures
4.1C and S4.1A). The new end frequently fails to grow since it cannot overcome the old
end’s dominance. After cell division, the daughter cell that inherits its parent cell’s nongrowing end typically displays precocious bipolar growth, indicating that these cells do
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Figure 4.1 Gef1 promotes bipolar growth via new end take-off. (A) Polarized growth
phenotypes of calcofluor stained cdc10+ and cdc10-129 cells grown at 36°C. cdc10+ cells
initiate bipolar growth, while cdc10-129 cells arrest at G1-phase and remain monopolar. Red
asterisks mark cells that exhibit monopolar growth. (B) Wild type cells predominately display
old-end growth followed by a delayed onset of new-end growth. (C) i. In gef1Δ, 68% of
monopolar cells yield a monopolar daughter cell from the end that grew in the previous
generation and a bipolar daughter cell from the end that failed to grow in the previous generation.
ii.18% of monopolar cells yield two monopolar cells. iii. 6% of monopolar cells yield two
monopolar cells. Circled numbers describe the order of growth. Arrows correspond to direction of
growth. (Table 4.1) Polarity of cells derived from ends that grew in the previous generation in
gef1+ and gef1Δ cells. NETO, new end take-off, Scale bar = 5µm.
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not contain a dominant end. This suggests that a cell end is dominant if it grew in the
previous generation. These results indicate that the new ends of gef1Δ cells are not wellequipped to overcome old end dominance. To further confirm this, we tracked the fate of
cell ends with a known history of growth in gef1+ and gef1Δ cells. In gef1+ cells, 97% of
daughter cells derived from a growing end display a normal growth pattern (Table 4.1).
In gef1Δ cells, 81% of daughter cells derived from a growing end failed to initiate growth
at their new end and were thus monopolar (Table 4.1). These data indicate that Gef1
enables the new end to overcome old end dominance to promote bipolar growth.

Gef1 enables bipolar localization of Scd1 and Scd2 to the cell poles

To address the mechanism through which Gef1 enables bipolar growth, we examined
other polarity factors that promote Cdc42 activation, the GEF Scd1 and the scaffold
Scd2. Scd1 and Scd2, like active Cdc42, undergo oscillations between the two competing
ends (DAS et al. 2012); thus, a bipolar cell does not always display bipolar Scd1 or Scd2
localization. Fewer new ends in gef1Δ cells exhibited Scd1-3xGFP; bipolar Scd1-3xGFP
was observed in 30% of interphase gef1+ cells, but only in 14% of gef1Δ cells (Figure
4.2A,B; p=0.0004, Figure S4.2A-C). Similarly, 70% of gef1+ cells displayed bipolar
Scd2-GFP localization, but this was reduced to 30% in gef1Δ cells (Figure 4.2A,B,
p<0.0001, Figure S4.2A-C). While this suggests that Gef1 promotes Scd1 and Scd2
localization to the new end to enable bipolar growth, this interpretation suffers from some
complications. The old and new ends compete with each other for active Cdc42 (DAS et
al. 2012). It is possible that in gef1Δ mutants the new end fails to grow since the old end
traps Scd1 and Scd2, resulting in monopolar distribution of these proteins. However, we
did not find enhanced Scd1-3xGFP levels at the old end in gef1Δ cells compared to gef1+
cells (Figure S4.2D). This suggests that Gef1 does not prevent accumulation of Scd1 and
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Figure 4.2 Gef1 promotes localization of polarity factors Scd1 and Scd2 to the new end. (A)
Scd2-GFP and Scd1-3xGFP localization to the sites of polarized growth in gef1+ and gef1Δ cells.
Red arrows - new ends lacking Scd2-GFP or Scd1-3xGFP. (B) Quantifications of bipolar Scd13xGFP and Scd2-GFP localization in the indicated genotypes. Significance determined by oneway ANOVA with Tukey’s multiple comparisons post hoc test (****, p<0.0001). (C) Scd13xGFP localization in gef1+ and gef1Δ cells expressing the ring and SPB markers Rlc1-tdTomato
and Sad1-mCherry respectively. Arrowheads - Scd1-3xGFP localized to the division site, Arrows
- constricting rings lacking Scd1-3xGFP. (D and E) Quantification of Scd1-3xGFP localization
to and intensity at constricting rings in the indicated genotypes. Reported p values from Student’s
t-tests. Each data point corresponds to the mean of an analyzed field of cells (n>5) from the same
experiment. Black bars on top of data points show the mean and standard deviation for each
genotype. All images are inverted max projections with the exception of bright field. CDS, Cell
division site. Scale bar = 5µm.

84

Scd2 at the old ends. Alternately, Gef1 and Scd1 may act independently to activate
Cdc42, for which the cell ends compete. As the level of active Cdc42 increases, it
saturates the dominant old end and the new end is now able to initiate growth and localize
Scd1 and Scd2. In this scenario, Scd1 and Scd2 localization at the new end would be an
indirect effect of increased Cdc42 activity and loss of competition from the old end.
Another possibility could be that Gef1 itself promotes Scd1 and Scd2 localization at the
new end. However, given that the new end is also influenced by proteins localizing to the
dominant old end, distinguishing between these hypotheses is challenging. To determine
whether Scd1 and Scd2 localization at the new end requires Gef1, or whether it is an
indirect outcome due to saturation of active Cdc42 at the old end, we turned to the
division site. The division site does not compete with any other site for active Cdc42.
Despite the functional and physiological differences between the division site and the cell
tips, Cdc42 regulators appear at both sites, suggesting that similar regulatory patterns
may exits at these sites. Moreover, the localization of the GEFs can be temporally
resolved at this site allowing us to examine the relationship between Gef1, Scd1, and
Scd2.

Gef1 promotes Scd1 recruitment to the division site

We have reported that the GEF Scd1 localizes to the membrane adjacent to the
actomyosin ring after Gef1 to activate Cdc42 along the membrane barrier (WEI et al.
2016). Since Scd1 arrives at the division site soon after Gef1, it is possible that Gef1
promotes Scd1 localization. Alternately, if Gef1 and Scd1 act independently, then loss of
gef1 would not impact Scd1 localization to the division site. To test this, we examined
whether Scd1 localization to division site is Gef1-dependent. Both Gef1 and Scd1 are
low-abundance proteins and are not suitable for live cell imaging over time. To overcome
this limitation, we used the actomyosin ring as a temporal marker. The actomyosin ring
undergoes visibly distinct phases during cytokinesis: assembly, maturation, constriction,
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and disassembly. We determined the timing of protein localization to the division site by
comparing it to the corresponding phase of the actomyosin ring. We have previously
reported that ring constriction is delayed in gef1Δ mutants (WEI et al. 2016). To eliminate
any bias in protein localization due to this delay, we only analyzed cells in which the
rings had initiated constriction. In gef1Δ mutants, the number of constricting rings that
recruited Scd1-3xGFP decreased to 15% from 96% in gef1+ (Figure 4.2C, D, p<0.0001,
Figure S4.3A-C). Furthermore, the gef1Δ cells that managed to recruit Scd1-3xGFP did
not do so as efficiently as gef1+ cells, given the 15% decrease in Scd1-3xGFP
fluorescence intensity at the division site (Figure 4.2C, E, p=0.0089, Figure S4.3D-F).
This indicates that Gef1 promotes Scd1 localization to the division site and that the two
GEFs are not independent.

Cdc42G12V is sufficient to restore Scd1 to the division site in gef1Δ

Next, we investigated how Gef1 promotes Scd1 recruitment to the division site. GEF
recruitment to sites of Cdc42 activity occurs via positive feedback, as reported in budding
yeast (BUTTY et al. 2002; IRAZOQUI et al. 2003; KOZUBOWSKI et al. 2008). In this model,
activation of Cdc42 leads to further recruitment of the scaffold BEM1, which then
recruits the GEF CDC24 to the site of activity, thus helping to break symmetry and
promote polarized growth. A similar positive feedback may also exist in fission yeast
(DAS et al. 2012; DAS AND VERDE 2013). Indeed, a recent study suggests that the scaffold
Scd2 establishes positive feedback (LAMAS et al. 2019). We hypothesized that Gef1activated Cdc42 acts as a seed for Scd1 recruitment to the division site. To test this, we
asked whether constitutive activation of Cdc42 could rescue the Scd1 recruitment defect
exhibited by gef1Δ. For this approach to work, the constitutively active Cdc42 must
localize to the division site. Localization of active Cdc42 is visualized via the bio-probe
CRIB-3xGFP that specifically binds GTP-Cdc42. Since our previous work reported that
Cdc42 activity is reduced at the division site in gef1Δ cells (WEI et al. 2016), we
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validated this approach by first testing whether constitutively active Cdc42 restores
CRIB-3xGFP localization at the division site in gef1Δ cells. The constitutively active
allele cdc42G12V and the bio-probe CRIB-3xGFP were expressed in gef1+ and gef1Δ
cells. Mild expression of cdc42G12V was sufficient to restore CRIB-3xGFP intensity at
the division site to physiological levels in gef1Δ (Figure 4.3A,B, p<0.0001, Figure
S4.3G-I). Likewise, expression of cdc42G12V restored Scd1-tdTomato localization to the
division site in cdc42G12V gef1Δ cells (Figure 4.3C,D, Figure S4.3J-L). This
demonstrates that active Cdc42 can promote Scd1 recruitment. Next, we asked how
active Cdc42 promotes Scd1 localization. We examined downstream targets of active
Cdc42 for this purpose. The Cdc42 ternary complex consists of the GEF Scd1, the
scaffold protein Scd2, and the downstream effector Pak1 kinase (ENDO et al. 2003).
Observations in budding yeast suggest that the PAK kinase may mediate GEF
recruitment (KOZUBOWSKI et al. 2008). Contrary to this hypothesis, we find that Scd13xGFP intensity increases in the nmt1 switch-off mutant allele of pak1, compared to
pak1+ cells (Figure S4.2E). These findings support similar observations reported in the
hypomorphic temperature-sensitive pak1 allele, orb2-34 (DAS et al. 2012), and indicate
that pak1 does not facilitate Scd1 recruitment to the site of action.

Gef1 promotes Scd2 localization to the division site, which in turn recruits Scd1

The scaffold Scd2 a component of the Cdc42 ternary complex binds active Cdc42 (ENDO
et al. 2003; WHEATLEY AND RITTINGER 2005). We hypothesized that Gef1-dependent
active Cdc42 recruits Scd1 to the division site through the scaffold Scd2. Indeed, we find
that gef1Δ cells displayed a significant decrease in Scd2-GFP-containing assembled rings
compared to gef1+ cells. In gef1Δ mutants, the number of rings that recruited Scd2-GFP
prior to ring constriction decreased to 8% compared to 88% in gef1+, indicating a delay
in Scd2 recruitment (Figure 4.4A,B, p>0.0001, Figure S4.4A-C). Although gef1Δ cells
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Figure 4.3 Gef1-mediated Cdc42 activation recruits Scd1 to the division site. (A) CRIB3xGFP localization to the division site in gef1+ and gef1Δ cells transformed with the control
vector pJK148 or cdc42G12V. Red arrows - reduced CRIB-3xGFP signal at the division site, Red
arrowheads - Restored CRIB-3xGFP signal at the division site. (B) Quantification of CRIB3xGFP intensity at the cell division site (CDS) in the indicated genotypes (****, p<0.0001). (C)
Scd1-tdTomato localization to constricting rings marked by Rlc1-GFP in gef1+ and gef1Δ cells
with the control vector pJK148 or cdc42G12V. Red arrows - constricting rings lacking Scd1tdTomato, Red arrowheads - restored Scd1-tdTomato at the constricting rings. (D) Quantification
of cells with Scd1-tdTomato at the constricting rings of cells of the indicated genotypes (****,
p<0.0001). Each data point corresponds to the mean of an analyzed field of cells (n>5) from the
same experiment. Black bars on top of data points show the mean and standard deviation for each
genotype. All images are inverted max projections. Significance determined by one-way ANOVA
with Tukey’s multiple comparisons post hoc test. Scale bars = 5µm.
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prior to ring constriction decreased to 8% compared to 88% in gef1+, indicating a delay
in Scd2 recruitment (Figure 4.4A,B, p>0.0001, Figure S4.4A-C). Although gef1Δ cells
were able to recruit Scd2 to the division site once ring constriction began, the
fluorescence intensity of Scd2-GFP at the division site was reduced by 61% compared to
gef1+ cells (Figure 4.4A,C, p>0.0001, Figure S4.2F, S4.4D-F). Gef1 thus promotes Scd2
localization to the division site. Since previous work indicates that Scd1 and Scd2 require
each other for their localization, it is possible that a decrease in Scd2 at the division site
observed in gef1 mutants is due to a decrease in Scd1 at this site (KELLY AND NURSE
2011). However, contrary to previous findings, we observed that Scd2-GFP localization
at the division site is not impaired in scd1Δ cells (Figure 4.4D) (KELLY AND NURSE
2011). In contrast, Scd1-3xGFP localization is completely abolished at the division site in
scd2Δ cells (Figure 4.4E). Scd2 localization is independent of Scd1 and depends on Gef1
instead.

Altogether, our data reveal that Gef1 promotes Scd2 localization to the division site,
which then recruits Scd1. Based on these data, we hypothesized that Gef1, Scd2, and
Scd1 sequentially localize to the division site. To test this, we examined the temporal
localization of these proteins to the division site. Since these proteins do not lend
themselves to extended time lapse imaging, we used the spindle pole bodies as an internal
timer. The distance between spindle pole bodies is a well-established temporal marker to
determine a cell’s cytokinetic stage. The spindle pole body distance increases as mitosis
progresses until the cell reaches anaphase B (NABESHIMA et al. 1998), at which time the
actomyosin ring starts to constrict (WU et al. 2003). We report the spindle pole body
distance at which Gef1-mNG (monomeric NeonGreen), Scd1-3xGFP, and Scd2-GFP
signals are visible at the division site before the actomyosin rings starts constriction
(Figure 4.5A). Gef1-mNG and Scd2-GFP appear around the same time during mitosis
with a mean spindle pole body distance of 5.9µm, and 6.6 µm, respectively (Figure 4.5B.
not significant). Scd1-3xGFP arrives later with a longer mean spindle pole body distance
of 7.6µm (Figure 4.5B. p=0.005). Furthermore, in cells expressing both Gef1-tdTomato
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Figure 4.4 Gef1 promotes Scd1 and Scd2 localization to the division site. (A) Scd2-GFP
localization in gef1+ and gef1Δ cells expressing the ring and SPB markers Rlc1-tdTomato and
Sad1-mCherry. Arrowheads - Scd2-GFP localized to constricting rings, Arrows - assembled rings
lacking Scd2-GFP. (B and C) Quantification of Scd2-GFP localization and intensity in the
indicated genotypes. Each data point corresponds to the mean of an analyzed field of cells (n>5)
from the same experiment. Black bars on top of data points show the mean and standard deviation
for each genotype. Significance determined by student’s t-test. (D) Scd2-GFP localization to the
division site in scd1+ and scd1Δ cells. (E) Scd1-3xGFP localization in scd2+ and scd2Δ cells.
Black arrows - Division site. Red arrowheads - Scd1-3xGFP at the division site. Red arrows absence of Scd1-3xGFP at the division site. Scale bar = 5µm.
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Figure 4.5 Temporal localization of Gef1, Scd2, and Scd1 to the site of cell division. (A)
Representative images showing the localizations of Gef1-mNG, Scd2-GFP, and Scd1-3xGFP (top
panels) as a function of spindle pole body distance (SPB, bottom panels). Green arrows –shortest
SPB distance at which signal is visible. Red arrowheads-SPB distance prior to localization. (B)
Quantification of Gef1, Scd2, and Scd1 localization to the division site, with respect to SPB
rd

distance. Means of the distance between SPB of the first 33 percentile of early anaphase cells at
which signal first appears (grey circles, Significance determined by one-way ANOVA with
Tukey’s multiple comparisons post hoc test. **, p=0.005). Second and third percentiles shown in
red circles and grey hollows, respectively. (C) Representative images of early anaphase cells
expressing combinations of Scd1-3xGFP, Gef1-tdTomato, Scd2-GFP, and Scd1-tdTomato. Green
arrow- Co-localization, red arrows- sites with only one kind of protein (Table 4.2)
Summarization of the order of Gef1, Scd2, and Scd1 localization to the division site. Each data
point corresponds to the mean of an analyzed field of cells (n>5) from the same experiment.
Black bars on top of data points show the mean and standard deviation for each genotype. All
images are inverted max projections. Scale bars = 5µm. CDS, Cell Division Site.
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and Scd2-GFP, 100% of assembled rings with Gef1 invariably also had Scd2 at the
division site (Figure 4.5C, Table 4.2). In cells expressing Scd2-GFP and Scd1-tdTomato,
only 59% of assembling rings localized both Scd2 and Scd1 (Figure 4.5C, Table 4.2). In
cells expressing both Gef1-tdTomato and Scd1-3xGFP, 61% of assembling rings with
Gef1 also had Scd1 (Figure 4.5C, Table 4.2). Altogether, this demonstrates that Gef1
recruits Scd2 to ring prior to Scd1.

Gef1 recruits Scd1 to the new end via Cdc42 activation

Next, we asked if Gef1 recruits Scd1 to the new end via Cdc42 activation, just as it does
at the division site. We first tested whether expression of constitutively active Cdc42
results in bipolar localization of active Cdc42 in gef1Δ cells, as indicated by CRIB3xGFP localization. Low-level expression of cdc42G12V was sufficient to restore bipolar
CRIB-3xGFP localization in gef1Δ, compared to the empty-vector-containing gef1Δ
mutants (Figure 4.6A,B; p<0.0001, Figure S4.4G-I). We observed bipolar CRIB-3xGFP
in 35% of gef1+ cells transformed with the empty vector and in 36% of cells expressing
cdc42G12V. In 8% of cells gef1Δ mutants with the empty vector, displayed bipolar
CRIB-3xGFP. In contrast, in gef1Δ cdc42G12V cells, bipolar CRIB-3xGFP was restored
to 34%. In the same cells, we observed bipolar Scd1-tdTomato in 21% of gef1+ cells
with the empty vector, and in 23% of cells expressing cdc42G12V. In gef1Δ mutants with
the empty vector, we observed bipolar Scd1-tdTomato in only 6% of cells. Further, in
gef1Δ cdc42G12V cells, bipolar Scd1-tdTomato was restored to 19% (Figure 4.6A,C,
Figure S4.4J-L). Thus, expression of cdc42G12V was sufficient to restore bipolar Scd1tdTomato localization to the cell ends in gef1Δ mutants, just as it was at the division site
(Figure 4.6A,C). This demonstrates that Gef1 promotes Scd1 localization to the new ends
through Cdc42 activation. Next, we asked whether bipolar localization of Scd1tdTomato correlated with bipolar growth. To determine this, we stained cells with
calcofluor to mark the sites of polarized growth. 40% of gef1+ pJK148 cells and 14% of
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Figure 4.6 Gef1 promotes Scd1 localization to the new end. (A) CRIB-3xGFP and Scd1tdTomato localization at cell tips, in gef1+ and gef1Δ cells transformed with the control vector
pJK148 or cdc42G12V. Red asterisk indicate the new end of monopolar cells. (B and C)
Quantification of the percent of cells that exhibit bipolar CRIB-3xGFP and Scd1-tdTomato
localization at cell tips in the indicated genotypes (Significance determined by one-way ANOVA
with Tukey’s multiple comparisons post hoc test. ***, p<0.001, ****, p<0.0001). Each data point
corresponds to the mean of an analyzed field of cells (n>5) from the same experiment. Black bars
on top of data points show the mean and standard deviation for each genotype. All images are
inverted max projections. (D) Localization of Gef1-tdTomato and Scd2-GFP in DMSO or LatA
treated cells. (E) Localization of Scd2-GFP in gef1+ and gef1Δ cells treated with DMSO or LatA.
All images are inverted max projections with the exception of bright field unless specified. Scale
bar = 5µm.

95

Figure 4.6

96

gef1Δ pJK148 mutants exhibited bipolar growth (p<0.0001, Figure S4.5). Expression of
cdc42G12V in gef1+ and gef1Δ cells elevated bipolarity to 49% and 48% respectively
(p<0.0001), Figure S4.5). To address whether cells grew at poles that contained high
levels of Scd1-tdTomato, we examined the growth pattern of cells exhibiting bipolar or
monopolar

Scd1-tdTomato localization through time-lapse microscopy. Regardless of genotype, all
cells with bipolar Scd1-tdTomato localization grew in a bipolar manner (Figure S4.6).
Approximately 20% of gef1+ pJK148, gef1+ cdc42G12V, and gef1Δ cdc42G12V cells
and 9% gef1Δ pJK148 mutants with monopolar Scd1-tdTomato grew in a bipolar manner
(Figure S4.6). That a fraction of cells grow in a bipolar manner even though Scd1tdTomato appears monopolar could be due to oscillation of Scd1 between the two ends in
bipolar cells (DAS et al. 2012). Since Scd1-tdTomato fluorescence was only captured at
time 0, it is likely that in these cells the signal was detected during the transition of Scd1tdTomato from one end to the other. As a further test, we asked whether Scd1
localization would be enhanced at the new end in the precociously bipolar gef1S112A
mutant, in which gef1S112A constitutively localizes to the cortex. Indeed, 52% of
gef1S112A cells show bipolar Scd1-3xGFP localization, while this is seen in only 33% of
gef1+ cells (Figure S4.1C; p<0.0001). While Scd1 requires Scd2 for its localization,
Scd2 localization is independent of Scd1 (Figure S4.7A). Scd2 likely binds active Cdc42,
so it is possible that Gef1-mediated Cdc42 activation leads to Scd2 recruitment. To test
this, we monitored ectopic Gef1 localization. In cells treated with the actindepolymerizing drug Latrunculin A (LatA) Gef1-tdTomato ectopically localizes to the
cell sides (Figure 4.6D). In these cells, Scd2-GFP colocalizes with ectopic Gef1tdTomato at the cell sides. Moreover, in gef1Δ cells Scd2-GFP fails to localize to the cell
sides upon LatA treatment (Figure 4.6E). In these cells, Scd2-GFP remains at the cell
ends, but the levels are much reduced. This provides further evidence that Gef1 marks the
site for Scd2 recruitment at the cell cortex.
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Scd1 prevents ectopic Gef1 localization to the cell cortex and the division site

Cells treated with LatA show ectopic Cdc42 activation at the cell sides (MUTAVCHIEV et
al. 2016). As reported earlier, we find that LatA treatment leads to a severe loss in Scd1mNG (-mNeonGreen) levels at the cell ends and at the site of cell division (Figure
S4.7B). We asked if ectopic Gef1 localization in LatA-treated cells is due to loss of Scd1
from the cell cortex. To test this, we analyzed Gef1-mNG localization in scd1Δ mutants.
In scd1+ cells, Gef1-mNG is mostly cytoplasmic and displays sparse but polarized
localization at cell ends (Figure 4.7Ai). In scd1Δ mutants, Gef1-mNG shows depolarized
cortical localization with random patches at the cortex like that in scd1+ cells treated
with LatA (Figure 4,7Aii,v). Gef1-mNG localization in scd1Δ cells treated with LatA is
similar to that in untreated scd1Δ cells. This suggests that Scd1 is required to prevent
ectopic Gef1 localization and restricts it to the cell ends.

Next, we asked if ectopic Gef1 in scd1Δ cells and in LatA-treated cells leads to ectopic
Cdc42 activation. We find that active Cdc42 appears depolarized in scd1Δ mutants during
interphase. While CRIB-3xGFP remains restricted to the ends in scd1+ cells, in scd1Δ
mutants its localization appears as random patches at the cortex (Figure 4.7Bi,ii). LatA
treatment leads to ectopic CRIB-3xGFP (MUTAVCHIEV et al. 2016) and this is abolished
in gef1Δ cells (Figure 4.7Bvii,ix). In gef1Δ cells with LatA, CRIB-3xGFP remains at the
cell ends, but at lower levels compared to untreated cells. This indicates that actin is
functionally epistatic to scd1 in the removal of Gef1 from the cell cortex. Together, these
data demonstrate that Scd1 prevents ectopic Gef1 localization and Cdc42 activation. This
observation is supported by previous work, in which deletion of gef1 restores polarized
growth in cells expressing only minimal levels of scd1 (TAY et al. 2018).

Since we find that Scd1 regulates Gef1 localization at sites of polarized growth, we asked
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Figure 4.7 Scd1 and actin prevent ectopic Gef1 localization. (A) Gef1-mNG localization in
scd1+ and scd1Δ cells grown in yeast extract (YE) or treated with DMSO or 10µM LatA. (B)
CRIB-3xGFP localization in gef1+scd1+, scd1Δ and gef1Δ cells grown in YE, or treated with
DMSO or 10µM LatA. Arrowheads indicate cells with CRIB-3xGFP or Gef1-mNG localized to
regions of polarized growth. Arrows - CRIB-3xGFP or Gef1-mNG localized to non-polarized
regions on the cell cortex. (C) Gef1-mNG localization to the division site after ring disassembly
in scd1+ and scd1Δ cells expressing the ring and SPB markers Rlc1-tdTomato and Sad1mCherry. Black arrowheads – division site after ring disassembly. Red arrowheads – division site
lacking Gef1-mNG. Red arrows - Gef1-mNG localized to the division site. (D) Quantification of
Gef1 lingering at the division site in scd1+ and scd1Δ cells (****, p<0.0001, student’s t-test). (E)
Gef1-mNG localization in septated cells expressing the ring and SPB markers, treated with either
DMSO or 10µM LatA. Red arrowheads – division site lacking Gef1-mNG. Red arrows - cells
with Gef1-mNG localized to the membrane barrier post-ring assembly. Red arrowheads- division
site lacking Gef1-mNG. (F) Quantification of Gef1 lingering at the division site in septated scd1+
and scd1Δ cells treated with 10µM LatA or DMSO (*,p<0.05. **,p<0.01, one-way ANOVA with
Tukey’s multiple comparisons post hoc test). Each data point corresponds to the mean of an
analyzed field of cells (n>5) from the same experiment. Black bars on top of data points show the
mean and standard deviation for each genotype. All images are inverted max projections unless
specified. Scale bars = 5µm. CDS, Cell Division Site.
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whether a similar relationship also occurs at the division site. To test this, we analyzed
Gef1 localization in scd1Δ mutants. We observed persistent Gef1 localization in scd1
mutants after ring constriction. In scd1Δ mutants, after completion of ring constriction
and disassembly, Gef1 remains at the membrane that was adjacent to the ring (Figure
4.7C). Among scd1Δ cells that had completed constriction, 70% show persistent Gef1mNG at the newly formed membrane barrier, as confirmed by the absence of Rlc1tdTomato (Figure 4.7C,D, Figure S4.4M-O). Similar Gef1-mNG localization was
observed in only 20% of scd1+ cells (Figure 4.7C,D, p<0.0001, Figure S4.4M-O).

We find that Gef1-mNG removal from the division site is also dependent on actin. We
analyzed Gef1 localization in cells with an actin cytoskeleton disrupted via Latrunculin A
(LatA) treatment. In LatA-treated cells that were fully septated following completion of
ring constriction, we observed persistent Gef1 localization at the division site. Gef1-mNG
persists on both sides of the septum barrier in 40% of cells treated with LatA, but not in
mock DMSO-treated cells (Figure 4.7E,F, Figure S4.4P-R). This demonstrates that the
actin cytoskeleton promotes Scd1 localization and that Scd1 promotes Gef1 removal
from the division site. To confirm that actin promotes Gef1 removal via Scd1, we looked
for a functional epistatic relationship between Scd1 and actin. We treated scd1+ and
scd1Δ cells expressing Gef1-mNG with LatA or DMSO. In cells treated with DMSO,
Gef1-mNG persists in 20% of septated scd1+ cells and in 63% of septated scd1Δ cells. In
cells treated with LatA, Gef1-mNG persists in 40% of septated scd1+ cells and in 61% of
septated scd1Δ cells (Figure 4.7F, Figure S4.4P-R). The extent of Gef1 persistence in
scd1Δ cells does not increase with the addition of LatA. While this suggests that actin is
functionally epistatic to scd1 in the process of Gef1 removal, we cannot rule out the
possibility that actin may also function upstream of Scd1. (Figure 4.7F, Figure S4.4P-R).
Scd1 localization to the cell tips and the division site is dependent on actin (S4.7B). Since
our epistatic analyses were conducted in unsynchronized cells, Gef1 may have been
removed prior to LatA treatment in many scd1+ cells, while Gef1 is not properly
removed even in scd1Δ cells treated with only DMSO. Therefore, the high incidence of
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Gef1 lingering in scd1Δ mutants may have biased our epistatic analyses. Further work
will be required to determine whether actin is upstream, downstream, or both upstream
and downstream of Scd1. Together, these data suggest that Scd1 removes Gef1 from the
division site after ring disassembly.
To determine the significance of Scd1-mediated removal of Gef1 from the division site,
we looked at the constitutively localized gef1S112A mutant. Gef1S112A-3xYFP but not
Gef1-3xYFP persists at the division site after ring constriction, indicated by the absence
of Cdc15-tdTomato-marked actomyosin ring (Figure S4.8A). Live cell imaging revealed
that cell separation is delayed in gef1S112A mutants. Cell separation occurred 28 min
after ring constriction in gef1+ cells, but at 34 min in gef1S112A mutants (Figure S4.8B,
p=0.009). We have previously shown that prolonged Cdc42 activation at the division site
impairs cell separation, as seen in other model systems (ATKINS et al. 2013; ONISHI et al.
2013; WEI et al. 2016). This would necessitate the removal of the GEFs from the division
site. Our data indicate that Scd1-mediated Gef1 removal promotes cell separation.

Discussion

While studies in yeast continue to pioneer insights into the regulation of cell polarity, one
aspect of S. pombe polarity remains elusive: how cells initiate growth at a second site
during NETO (new end take-off). We find that that the Cdc42 GEF Gef1 enables the new
end to overcome old end growth dominance to initiate bipolar growth. Our data indicate
that Gef1 promotes the localization of the other GEF Scd1 to the new end. Uncovering
the mechanism through which this occurs is not trivial, since the function of Gef1 at sites
of polarized growth has proven elusive due its sparse and transient localization at these
regions. Therefore, we examined the relationship between these two GEFs at the division
site, where the localization of both these GEFs are easily monitored. We have previously
shown that Gef1 and Scd1 localize sequentially to the division site to activate Cdc42
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during cytokinesis (WEI et al. 2016). Here, we take advantage of the temporal difference
between Gef1 and Scd1 localization at the division site to determine the significance of
these two GEFs in Cdc42 regulation. We uncover a novel interplay between the Cdc42
GEFs that functions in both cytokinesis and polarized cell growth (Figure 4.8A). Given
the conserved nature of Cdc42 and its regulators, we posit that this interplay between the
GEFs is a common feature of Cdc42 regulation.

Gef1-mediated Cdc42 activation promotes Scd1 recruitment via the scaffold Scd2

Analysis of Gef1-dependent Scd1 recruitment at the new end is complicated by the
dynamic nature of their localization patterns, and the presence of two competing cell
ends. Gef1 and Scd1 localize to the division site in a sequential manner. Moreover,
during cytokinesis, the division site exclusively activates Cdc42 and thus does not
compete with any other site in the cell. Therefore, we investigated Gef1 and Scd1
recruitment at the division site. We find that Scd1 localization is reduced at the division
site in gef1Δ cells. Our observation that expression of cdc42G12V can restore Scd1
localization in gef1Δ suggests that active Cdc42 promotes Scd2 recruitment, either
through direct interaction or through an alternate mechanism. A recent study indicated
that Scd2 optogenetically responds to active Cdc42, and is required for Scd1-mediated
positive feedback (LAMAS et al. 2019). Furthermore, Scd2 interacts with GTP-Cdc42 in
vitro (ENDO et al. 2003; WHEATLEY AND RITTINGER 2005). Similarly, the budding yeast
scaffold Bem1, homologous to the fission yeast scaffold Scd2, interacts with GTP-Cdc42
in vivo (YAMAGUCHI et al. 2007). Together, this suggests that Scd2 likely binds active
Cdc42. Thus, we posit that Gef1 localizes to the division site first, which enables
recruitment of Scd1 (Figure 4.8B).
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Figure 4.8 Model of the crosstalk between Gef1 and Scd1 that promotes polarized bipolar
growth. (A) Diagram of the crosstalk pathway between Gef1 and Scd1. Solid arrows indicate an
activating or promoting relationship in the direction of the arrow. Red terminating arrow indicates
inactivation or removal of the protein at the arrows terminus. Dashed arrows indicate that the
mechanism that regulates the proteins to which these arrows point is not yet resolved. (B)
Schematic depicting the sequential localization of Gef1, Scd2, and Scd1 to the division site
during cytokinesis. At the division site Gef1 localizes first and promotes Scd2 localization. Scd2
at the division site then recruits Scd1. (C) Schematic illustrating the crosstalk between Gef1 and
Scd1 that promotes bipolar growth and regulates cell shape. In wild type (WT) cells, Gef1
activates Cdc42 which then recruits Scd2 to the new end, leading to Scd1 recruitment thus
enabling NETO. In scd1Δ cells Gef1 localization is no longer restricted to the cell ends leading to
ectopic Cdc42 activation and loss of polarity.

104

Figure 4.8
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After division, the old end always initiates growth first. The two cell ends compete for
active Cdc42, and initially the new end is incapable of overcoming dominance at the old
end (DAS et al. 2012). Gef1 promotes bipolar growth and cells lacking gef1 are mostly
monopolar (COLL et al. 2003; DAS et al. 2012). In gef1Δ cells, new ends frequently fail to
overcome old end dominance, resulting in monopolar growth. Bipolar growth in gef1Δ
mutants is typically observed in cells that do not contain a dominant old end. We find that
Cdc42 regulation at the cell ends resembles that at the division site. While Scd1 does not
require Gef1 for its localization to the old end, our data suggest that Gef1 facilitates
bipolar growth by promoting Scd2 localization at the new end, which is needed for Scd1
localization at this site. Polarized growth requires Cdc42 activation, mediated through
positive feedback (DAS AND VERDE 2013; WU AND LEW 2013). Scd1 is the positivefeedback-mediating GEF. Scd1 and Scd2 together promote a positive feedback pathway
for Cdc42 activation. For such a pathway to function, Cdc42 first needs to be activated
for the recruitment of Scd2, and consequently Scd1. Our data indicate that Gef1-mediated
Cdc42 activation provides the seed for Scd1-Scd2 recruitment. This enables Scd2
recruitment to nascent sites that have no prior history of Cdc42 activation and enables
Scd1 recruitment to those sites. Thus, Gef1 activates Cdc42 to establish a Scd1dependent positive feedback pathway at the new end to overcome old end dominance and
establish bipolar growth (Figure 4.8C). A recent report indicates that Gef1 localization to
the division site and to the sites of polarized cell growth depends on the F-Bar protein
Cdc15 (HERCYK AND DAS 2019). This provides further evidence that while the division
site and cell ends are functionally distinct, some aspects of Cdc42 regulation are
conserved at these sites.

Scd1 prevents ectopic Gef1 localization

Scd1 is the primary GEF that promotes polarized growth (CHANG et al. 1994). We find
that cells lacking scd1 are depolarized due to ectopic Cdc42 activation, as a result of
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mislocalized Gef1. In the presence of scd1, Gef1 shows sparse cortical localization and is
restricted to the cell ends. Cell ends that do not localize Scd1 either due to LatA treatment
or scd1Δ display ectopic and enhanced cortical localization if Gef1. Thus, we posit that
Scd1 prevents ectopic Gef1 localization. A recent report shows that ectopic Cdc42
activation in LatA-treated cells depends on the stress-activated MAP kinase Sty1
(MUTAVCHIEV et al. 2016). Cells treated with LatA did not display ectopic Cdc42
activation in the absence of sty1. It is possible that in the absence of actin, reduced Scd1
at the cell cortex elicits a stress response, leading to Sty1 activation that results in the
mislocalization of Gef1. Further analysis is necessary to test this hypothesis.

Normally, Gef1 localization to the division site is lost after ring constriction (WEI et al.
2016). Similar to our observation at the cell cortex, we find that Gef1 persists at the
division site in cells lacking Scd1 or in cells treated with LatA. Here, we show that Scd1
promotes the clearance of Gef1 from the division site after ring disassembly (Figure
4.8A). Failure to inactivate Cdc42 results in cytokinesis failure in budding yeast and
HeLa cells, and prevents cellularization in Drosophila embryos (DUTARTRE et al. 1996;
CRAWFORD et al. 1998; ATKINS et al. 2013; ONISHI et al. 2013). Our data suggest that
Scd1 ensures Gef1 removal from the division site in the final stages of cytokinesis,
preventing inappropriate Cdc42 activation. Together, our data demonstrate an elegant
regulatory pattern in which Gef1-mediated Scd1 recruitment to the division site promotes
septum formation, and Scd1-mediated Gef1 removal promotes cell separation.

Multiple GEFs combinatorially regulate Cdc42 during complex processes

Polarized cell growth requires symmetry breaking, and several models have indicated a
need for Cdc42 positive feedback loops in this process (IRAZOQUI et al. 2003; WEDLICHSOLDNER et al. 2004; KOZUBOWSKI et al. 2008; SLAUGHTER et al. 2009a; SLAUGHTER et
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al. 2009b; BENDEZU et al. 2015). Elegant experiments in budding yeast demonstrate that
local activation of Cdc42 establishes positive feedback through the recruitment of
additional GEFs to amplify the conversion of Cdc42-GDP to Cdc42-GTP (BUTTY et al.
2002; KOZUBOWSKI et al. 2008). A caveat of positive feedback is that the site that first
activates Cdc42 can act as a sink that traps the GEFs, thereby preventing Cdc42
activation at other sites. Such a trap can be undone via negative feedback regulation of
Cdc42 that results in an oscillatory pattern at the cell ends (DAS et al. 2012; HOWELL et
al. 2012). Negative feedback in S. pombe and S. cerevisiae acts through the Pak1 kinase
activity that antagonizes either the Cdc42 scaffold or the GEF (GULLI et al. 2000; DAS et
al. 2012; KUO et al. 2014; RAPALI et al. 2017). Indeed, pak1 mutants fail to activate
bipolar growth (VERDE et al. 1998; DAS et al. 2012). Although fission yeast contains
another Pak homologue, Shk2, only Pak1/Shk1 is essential. Furthermore, Shk2 functions
primarily during G0 and meiosis, and its loss does not exhibit the polarity defects of pak1
mutants (YANG et al. 1998; VJESTICA et al. 2018). Importantly, Shk2 binds neither Scd1
nor Scd2 (SELLS et al. 1998; YANG et al. 1998). Therefore, it is unlikely that Shk2
mediates Scd1 localization and further investigations will test this. Our data show that
besides the Pak1 kinase, Gef1 also contributes to initiation of bipolar growth.

The Cdc42 oscillatory pattern can be explained by the presence of positive feedback,
time-delayed negative feedback, and competition between the two ends for active Cdc42.
We posit that Scd1 activates Cdc42 through positive feedback at the dominant old end.
The dominance of the old end ensures that Scd1 localization is mainly restricted to this
end at the expense of the new end. A previous model suggests that as the cell reaches a
certain size, the GEFs reach a threshold level that allows the new end to overcome old
end dominance to initiate growth and promote bipolarity (DAS et al. 2012). Threshold
GEF levels alone cannot explain our findings since gef1S112A cells display bipolar
growth at a smaller cell size (DAS et al. 2015), while G1-arrested cdc10-129 mutants
grow to longer cell lengths but remain monopolar. Our data suggest that the regulatory
crosstalk between the Cdc42 GEFs may provide an advantage to the cell and enable the
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new end to overcome old end dominance. Gef1 triggers a positive feedback at the
division site via a feed-forward pathway (Figure 4.8A,C). Given that Gef1 promotes
Scd1-mediated polarized growth at the new end, it is conceivable that Gef1 itself is
tightly regulated to prevent random Cdc42 activation. Indeed, Gef1 shows sparse
localization to the cell ends and is mainly cytoplasmic (DAS et al. 2015). The NDR
kinase Orb6 prevents ectopic Gef1 localization via Rad24/14-3-3-mediated sequestration
to the cytoplasm (DAS et al. 2009; DAS et al. 2015). Here we show that while Gef1
promotes Scd1 recruitment to a nascent site, Scd1 itself restricts Gef1 localization to the
cell ends to precisely activate Cdc42 (Figure 4.8C). Together, our findings describe an
elegant system in which the two Cdc42 GEFs regulate each other to ensure proper cell
polarization.

Significance of GEF coordination in other systems

In budding yeast, CDC24 is required for polarization during bud emergence and is
essential for viability (SLOAT AND PRINGLE 1978; SLOAT et al. 1981), unlike Scd1 in
fission yeast. Budding yeast also has a second GEF Bud3, which establishes a proper bud
site (KANG et al. 2014). During G1 in budding yeast, bud emergence occurs via biphasic
Cdc42 activation by the two GEFs: Bud3 helps select the bud site (KANG et al. 2014),
and Cdc24 allows polarization (SLOAT AND PRINGLE 1978; SLOAT et al. 1981). This is
analogous to new end growth in fission yeast, which requires Gef1-dependent recruitment
of Scd1 for robust Cdc42 activation. It would be interesting to test whether crosstalk also
exists between Bud3 and Cdc24.

The Rho family of GTPases includes Rho, Rac, and Cdc42. In certain mammalian cells,
Cdc42 and Rac1 appear to activate cell growth in a biphasic manner (YANG et al. 2016;
DE BECO

et al. 2018). For example, during motility, the GTPases, Rho, Rac, and Cdc42,
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regulate the actin cytoskeleton (HEASMAN AND RIDLEY 2008; MACHACEK et al. 2009).
During cell migration, these GTPases form bands or ‘zones’ in the leading and trailing
regions of the cell (RIDLEY 2015). Their spatial separation is mediated by the
organization of their GEFs and GAPs, and by regulatory signaling between these
GTPases (GUILLUY et al. 2011). Cdc42 and Rho are mutually antagonistic, explaining
how such zones of GTPase activity can be established and maintained (WARNER AND
LONGMORE 2009; GUILLUY et al. 2011; KUTYS AND YAMADA 2014). Similarly, Cdc42
can refine Rac activity (GUILLUY et al. 2011). Cdc42 and Rac are activated by similar
pathways and share the same effectors. Recent experiments demonstrate that during cell
migration, reorganization of the actin cytoskeleton occurs in a biphasic manner, in which
Cdc42 activation at new sites sets the direction, while robust Rac activation determines
the speed (YANG et al. 2016; DE BECO et al. 2018). Unlike most animals, the genome of
S. pombe does not contain a Rac GTPase. We speculate that the two Cdc42 GEFs of S.
pombe allow it to fulfill the roles of both Cdc42 and Rac. Gef1 sets the direction of
growth by establishing growth at a new site, while Scd1 promotes efficient growth
through robust Cdc42 activation. In conclusion, we propose that the crosstalk between the
Cdc42 GEFs themselves is an intrinsic property of small GTPases and is necessary for
fine-tuning their activity.

Materials and Methods

Strains and cell culture

The S. pombe strains used in this study are listed in Table S1. All strains are isogenic to
the original strain PN567. Cells were cultured in yeast extract (YE) medium and grown
exponentially at 25°C, unless specified otherwise. Standard techniques were used for
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genetic manipulation and analysis (MORENO et al. 1991). Cells were grown exponentially
for at least 3 rounds of eight generations each before imaging.

Microscopy

Cells were imaged at room temperature (23–25°C) with an Olympus IX83 microscope
equipped with a VTHawk two-dimensional array laser scanning confocal microscopy
system (Visitech International, Sunderland, UK), electron-multiplying charge-coupled
device digital camera (Hamamatsu, Hamamatsu City, Japan), and 100×/numerical
aperture 1.49 UAPO lens (Olympus, Tokyo, Japan). Images were acquired with
MetaMorph (Molecular Devices, Sunnyvale, CA) and analyzed by ImageJ (National
Institutes of Health, Bethesda, MD).

Analysis of growth pattern

The growth pattern of gef1+ and gef1Δ cells was observed by live imaging of cells
through multiple generations. Cells were placed in 3.5-mm glass-bottom culture dishes
(MatTek, Ashland, MA) and overlaid with YE medium plus 1% agar, and 100μM
ascorbic acid to minimize photo-toxicity to the cell. A bright-field image was acquired
every minute for 12 hours. Birth scars were used to distinguish between, and to measure,
old end and new end growth.
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Construction of fluorescently tagged Gef1 fusion proteins

The forward primer 5’- GGATCCGTGTTTACCAAAGTTATGTAAGAC -3’ with a 5’
BamHI site and the reverse primer 5’- CCCGGGAACCCTCGCAGCTAAAGA -3’ with
a 5’ XmaI site were used to amplify a 3kb DNA fragment containing gef1, the 5’ UTR,
and the endogenous promoter. The fragment was then digested with BamHI and XmaI
and ligated into the BamHI-XmaI site of pKS392 pFA6-tdTomato-kanMX and pKG6507
pFA6-mNeonGreen-kanMX. Constructs were linearized by digestion with XbaI and
transformed into the gef1 locus in wild type cells.

Expression of constitutively active Cdc42
pjk148-nmt41x-leu1+ or pjk148-nmt41x:cdc42G12V-leu1+ were linearized with NdeI and
integrated into the leu1-32 locus in gef1+ and gef1Δ cells expressing either CRIB-3xGFP
and Scd1-tdTomato, or Scd1-tdTomato and Rlc1-GFP. The empty vector pjk148-nmt41xleu1+ was used as control. Cells were grown in EMM with 0.05µM thiamine to promote
minimal expression of cdc42G12V.

Calcofluor staining

To visualize areas of cell growth, cells were stained in YE liquid with 50 μg/ml
Calcofluor White M2R (Sigma-Aldrich, St. Louis, MO) at room temperature.
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Latrunculin A treatment

Cells in YE were incubated at room temperature with 10μM or 100 μM Latrunculin A
(Millipore-Sigma) dissolved in dimethyl sulfoxide (DMSO) for 40 min prior to imaging.
Control cells were treated with 1% DMSO and incubated for 40 min.

Analysis of fluorescent intensity

Mutants expressing fluorescent proteins were grown to OD 0.5 and imaged on slides.
Cells in slides were imaged for no more than 3 minutes to prevent any stress response as
previously described (DAS et al. 2015). Depending on the mutant and the fluorophore,
16-28 Z-planes were collected at a z-interval of 0.4µm for either or both the 488nm and
561nm channels. The respective controls were grown and imaged in an identical manner.
ImageJ was used to generate sum projections from the z-series, and to measure the
fluorescence intensity of a selected region (actomyosin ring, or growth cap at cell tip).
The background fluorescence in a cell-free region of the image was subtracted to
generate the normalized intensity. Mean normalized intensity was calculated for each
image from all (n>5) measurable cells within each field. A Student’s two-tailed t-test,
assuming unequal variance, was used to determine significance through comparison of
each strain’s mean normalized intensities.
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Statistical tests

GraphPad Prism was used to determine significance. One-way ANOVA, followed by a
Tukey’s multiple comparisons post-hoc test, was used to determine individual p-values
when comparing three or more samples. When comparing two samples, a student’s t-test
(two-tailed, unequal variance) was used to determine significance.
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Figure S4.1 (A) Growth pattern in the progeny of a monopolar gef1Δ cell. (A) Image at -12
mins shows a monopolar gef1Δ cell that in the previous generation grew only from the old end
(O) while the new end (N) did not have any prior history of growth. Time stamps are minutes
elapsed since completion of division. Arrows indicate direction of growth at cell ends. (B and C)
Gef1 promotes the transition to bipolar growth. (B) Localization of Scd1-3xGFP to the cell poles
in gef1+ and gef1S112A cells. Asterisks indicate cells with bipolar Scd1-3xGFP localization. (C)
Quantification of the percent of cells that exhibit bipolar Scd1-3xGFP localization at cell ends in
the indicated genotypes. All data points are plotted in each graph, with black bars on top of data
points that show the mean and standard deviation for each genotype. Each data point corresponds
to the mean of an analyzed field of cells (n>5) from the same experiment. Reported p values from
Student’s t-tests. Scale bar=5µm.

120

Figure S4.2 (A-C) Gef1 mediates bipolar localization of Scd1 and Scd2. (A and B)
Quantification of 2 additional independent replicates of the experiment depicted in Fig. 2A,B. (C)
Quantification of the means from all 3 replicate experiments. All data points are plotted in each
graph, with black bars on top of data points that show the mean and standard deviation for each
genotype. Each data point corresponds to the mean of an analyzed field of cells (n>5) from the
same experiment. Significance determined by one-way ANOVA with Tukey’s multiple
comparisons post hoc test (****, p<0.0001, **, p<0.01). (D) Scd1 localization to the old end is
not impaired in gef1Δ. Quantification of Scd1-3xGFP localization to old ends in gef1+ and
gef1Δ cells. (E) The PAK kinase antagonizes Scd1 accumulation to limit Cdc42 activity.
Scd1-3xGFP accumulation in pak1+ and nmt1:pak1 switch-off mutant cells. Cells were grown to
an OD of 0.5 in minimal media + thiamine and mixed prior to imaging. Red arrow heads mark
the site of Scd1-3xGFP localization and asterisks indicate pak1+ cells. Images are inverted max
projections. (F) Scd2 localization to the division site is delayed until the onset of ring
constriction in gef1Δ. Quantification of Scd2-GFP localization to constricting rings in gef1+
and gef1Δ. (ns, not significant). All data points are plotted in each graph, with black bars on top
of data points that show the mean and standard deviation for each genotype. Each data point
corresponds to the mean of an analyzed field of cells (n>5) from the same experiment. Reported p
values from Student’s t-tests. n.s. = not significant. Cell division site, CDS.
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Figure S4.2
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Figure S4.3 (A-F) Gef1 mediates Scd1 localization to the division site. (A and B)
Quantification of 2 additional independent replicates of the experiment depicted in Fig. 2C,D. (C)
Quantification of the means from all 3 replicate experiments. (D and E) Quantification of 2
additional independent replicates of the experiment depicted in Fig. 2C,E. (F) Quantification of
the means from all 3 replicate experiments. All data points are plotted in each graph, with black
bars on top of data points that show the mean and standard deviation for each genotype. Each data
point corresponds to the mean of an analyzed field of cells (n>5) from the same experiment.
Reported p values from Student’s t-tests. (G-L) Gef1-mediated Cdc42 activation recruits Scd1
to the division site. (G and H) Quantification of 2 additional independent replicates of the
experiment depicted in Fig. 3A,B. (I) Quantification of the means from all 3 replicate
experiments. (J and K) Quantification of 2 additional independent replicates of the experiment
depicted in Fig. 3C,D. (L) Quantification of the means from all 3 replicate experiments. All data
points are plotted in each graph, with black bars on top of data points that show the mean and
standard deviation for each genotype. Each data point corresponds to the mean of an analyzed
field of cells (n>5) from the same experiment. Significance determined by one-way ANOVA
with Tukey’s multiple comparisons post hoc test (****, p<0.0001, ns, not significant).
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Figure S4.3
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Figure S4.3 continued
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Figure S4.4 (A-G) Gef1 promotes Scd2 localization to the division site. (A and B)
Quantification of 2 additional independent replicates of the experiment depicted in Fig. 4A,B. (C)
Quantification of the means from all 3 replicate experiments. (D and E) Quantification of 2
additional independent replicates of the experiment depicted in Fig. 4A,C. (F) Quantification of
the means from all 3 replicate experiments. All data points are plotted in each graph, with black
bars on top of data points that show the mean and standard deviation for each genotype. Each data
point corresponds to the mean of an analyzed field of cells (n>5) from the same experiment.
Reported p values from Student’s t-tests. (G-L) Gef1-mediated Cdc42 activation promotes
bipolar CRIB and Scd1 localization. (G and H) Quantification of 2 additional independent
replicates of the experiment depicted in Fig. 6A,B. (I) Quantification of the means from all 3
replicate experiments. (J and K) Quantification of 2 additional independent replicates of the
experiment depicted in Fig. 6A,C. (M) Quantification of the means from all 3 replicate
experiments. All data points are plotted in each graph, with black bars on top of data points that
show the mean and standard deviation for each genotype. Each data point corresponds to the
mean of an analyzed field of cells (n>5) from the same experiment. Significance determined by
one-way ANOVA with Tukey’s multiple comparisons post hoc test (****, p<0.0001, ***,
p<0.001, **, p<0.01, ns, not significant). (M-R) Gef1 is removed from the division site in a
Scd1 and actin dependent manner. (M and N) Quantification of 2 additional independent
replicates of the experiment depicted in Fig. 3A,B. (O) Quantification of the means from all 3
replicate experiments. (P and Q) Quantification of 2 additional independent replicates of the
experiment depicted in Fig. 3C,D. (R) Quantification of the means from all 3 replicate
experiments. All data points are plotted in each graph, with black bars on top of data points that
show the mean and standard deviation for each genotype. Each data point corresponds to the
mean of an analyzed field of cells (n>5) from the same experiment. Significance determined by
one-way ANOVA with Tukey’s multiple comparisons post hoc test (****, p<0.0001, ***,
p<0.001, **, p<0.01, ns, not significant).
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Figure S4.4
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Figure S4.4 continued
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Figure S4.4 continued
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Figure S4.5 Gef1 promotes the transition to bipolar growth. (A) Quantification of the
percentage of cells exhibiting bipolar growth in the indicated genotypes. Red, grey, and black
circles identify the replicate to which each data point belongs. (B) Representative images of
calcofluor stained cells of the indicated genotypes. Red and blue asterisks denote monopolar and
bipolar cells, respectively. All data points are plotted in each graph, with black bars on top of data
points that show the mean and standard deviation for each genotype. Each data point corresponds
to the mean of an analyzed field of cells (n>5) from the same experiment. Significance
determined by one-way ANOVA with Tukey’s multiple comparisons post hoc test (****,
p<0.0001, **, p<0.01, ns, not significant). Scale bar=5µm.
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Figure S4.6 Growth pattern of cells corresponding to tip localization of Scd1. (A) Montages
monitoring growth over time from cells with monopolar or bipolar Scd1-tdTomato localization at
movie time t0 in the indicated genotypes. Dashed lines mark the birth scar(s) used to measure tip
growth, shown by sloped solid lines. Non growing ends indicated by solid lines that are parallel to
the dashed reference lines.

Table S4.1 Growth pattern with respect to initial Scd1 localization
% of cells with bipolar
% of cells with
Scd1 that grow from
monopolar Scd1 that
both ends
grow only from that end
gef1+ pJK148

% of cells with
monopolar Scd1 that
grow from both ends

100%

79%

21%

100%

91%

9%

100%

81%

19%

100%

80%

20%

N=34
gef1Δ pJK148
N=24
gef1+ cdc42G12V
N=29
gef1Δ cdc42G12V
N=29
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Figure S4.7 (A) Scd1 requires scd2 to localize to the CDS and the cortex, but Scd2
localization is unimpaired in the absence of scd1. Scd2-GFP and Scd1-3xGFP localization to
the cortex in scd1Δ and scd2Δ cells, respectively. Red arrowheads indicate cells with Scd2-GFP
localized tot the cell cortex. (B) Scd1 requires actin for its localization to the CDS and the
cortex. Scd1-mNG localization to the division site and cell tips in cells treated with 10 µM LatA
or DMSO. Red arrows indicate cells with Scd1-mNG localized to the CDS or cell tip. Red
arrowheads indicate cells where Scd1-mNG fails to localize to the division site or to the cell tips.
All images are inverted max projections with the exception of bright field. Scale bars = 5µm. Cell
Division Site, CDS.
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Figure S4.8 Gef1 removal form the division site promotes cell separation. (A) Gef1-3YFP
and Gef1S112A-3YFP localization in cells expressing the ring marker Cdc15-tdTomato. Red
arrow head indicates the absence of Gef1 from the division site after ring constriction. Red arrows
indicate the presence of Gef1 at the division site after ring constriction. Black arrow heads mark
the division site of cells that have completed ring constriction. (B) Quantification of onset of cell
separation after completion of ring constriction in gef1+ and gef1S112A cells. All data points are
plotted in each graph, with black bars on top of data points that show the mean and standard
deviation for each genotype. Each data point corresponds to the mean of an analyzed field of cells
from the same experiment. Reported p values from Student’s t-tests. Scale bar=5µm.
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Table S4.2 Strain list
Strain

Genotype

Source

PN567

h+ ade6-704 leu1-32 ura4-d18

Paul Nurse

PN1191

cdc10-129 ade6-704 leu1-32

Paul Nurse

JX125

h90 Δscd1::ura4+ ade6 leu1-32 ura4-d18 h210

(HIROTA et al. 2003)

FV1218

Gef1-3xYFP:kanMX ade6-704 leu1-32 ura4-d18

(DAS et al. 2009)

YSM947

Scd1-3xGFP:kanMX ade6-m216 leu1-32 ura4-d18

(BENDEZU AND
MARTIN 2013)

MBY3451

P3 nmt1:3HA-Shk1:KANr leu1-32 ura4-d18

(LOO AND
BALASUBRAMANIA
N 2008)

YMD1172

Scd1-tdTomato:KANr ade6-704 leu1-32 ura4-d18

This study

YMD1256

Δgef1::ura4+ pjk148-nmt41x:cdc42G12V-leu1+ CRIB3xGFP:ura4+ Scd1-tdTomato:KanMX ade6 leu1-32 ura4d18

This study

YMD1271

pjk148-nmt41x-leu1+ CRIB-3xGFP:ura4+ Scd1tdTomato:KanMX ade6 leu1-32 ura4-d18

This study

YMD1273

Δgef1::ura4+ pjk148-nmt41x-leu1+ CRIB-3xGFP:ura4+
Scd1-tdTomato:KanMX ade6 leu1-32 ura4-d18

This study

YMD1232

pjk148-nmt41x:cdc42G12V-leu1+ CRIB-3xGFP:ura4+
Scd1-tdTomato:KanMX ade6 leu1-32 ura4-d18

This study

YMD317

CRIB-3xGFP:ura4+ Rlc1-tdTomato:NATr Sad1mCherry:kanMX ade6-M21X leu1-32 ura4-D18

(WEI et al. 2016)

YMD432

Δgef1::ura4+ pjk148-nmt41x:cdc42G12V-leu1+ CRIB3xGFP:ura4+ ade6 leu1-32 ura4-d18

This study

YMD488

Δgef1::ura4+ CRIB-3xGFP:ura4+ Rlc1-tdTomato:NATr
Sad1-mCherry:kanMX ade6 leu1-32 ura4-d18

(WEI et al. 2016)
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Strain

Genotype

Source

YMD530

h90 Δscd1::ura4+ CRIB-3xGFP:ura4+ Rlc1tdTomato:NATr Sad1-mCherry:kanMX ade6-M21X leu132 ura4-d18

(WEI et al. 2016)

YMD602

pjk148-nmt41x:cdc42G12V-leu1+ CRIB-3xGFP:ura4+
ade6 leu1-32 ura4-d18

This study

YMD1043

Gef1-tdTomato:KANr Scd2-GFP:KANr ade6 leu1-32 ura4d18

This study

YMD1204

Scd1-tdTomato:KANr Scd2-GFP:KANr ade6 leu1-32 ura4d18

This study

YMD1049

Scd1-3xGFP:KANr Gef1-tdTomato:KANr ade6 leu1-32
ura4-d18

This study

YMD761

Δgef1::ura4+ Scd1-3xGFP:kanMX Rlc1-tdTomato:NATr
Sad1-mCherry:kanMX ade6-m216 leu1-32 ura4-d18

This study

YMD773

Scd1-3xGFP:kanMX Rlc1-tdTomato:NATr Sad1mCherry:kanMX ade6-m216 leu1-32 ura4-d18

This study

YMD795

nmt1:3HA-Shk1 scd2-GFP:kanMX

This study

YMD840

Δgef1::ura4+ Scd2-GFP:kanMX Rlc1-tdTomato:NATr
Sad1-mCherry:kanMX ade6 leu1-32 ura4-d18

This study

YMD842

Scd2-GFP:kanMX Rlc1-tdTomato:NATr Sad1mCherry:kanMX kanMX ade6 leu1-32 ura4-d18

This study

YMD910

Gef1-NeonGreen:kanMX leu1-32 ura4-d18

This study

YMD926

Gef1-NeonGreen:kanMX Rlc1-tdTomato:NATr Sad1mCherry:kanMX ade6 leu1-32 ura4-d18

This study

YMD936

Δgef1::ura4+ pjk148-nmt41x:cdc42G12V-leu1+ Scd13xGFP:kanMX ade6-m216 leu1-32 ura4-d18

This study

YMD994

pjk148-nmt41x:cdc42G12V-leu1+ Scd1-3xGFP:kanMX
ade6-m216 leu1-32 ura4-d18

This study
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Strain

Genotype

Source

YMD994

pjk148-nmt41x:cdc42G12V-leu1+ Scd1-3xGFP:kanMX
ade6-m216 leu1-32 ura4-d18

This study

YMD996

h90 Δscd1::ura4+ Scd2-GFP:kanMX Rlc1-tdTomato:NATr
ade6 leu1-32 ura4-d18

This study

YMD998

pjk148-nmt41x-leu1+ CRIB-3xGFP:ura4+ ade6 leu1-32
ura4-d18

This study

YMD1000

Δgef1::ura4+ pjk148-nmt41x-leu1+ CRIB-3xGFP:ura4+
ade6 leu1-32 ura4-d18

This study

YMD1002

Δgef1::ura4+ pjk148-nmt41x-leu1+ Scd1-3xGFP:kanMX
ade6-m216 leu1-32 ura4-d18

This study

YMD1004

pjk148-nmt41x-leu1+ Scd1-3xGFP:kanMX ade6-m216
leu1-32 ura4-d18

This study

YMD1030

h90 Δscd1::ura4+ Gef1-NeonGreen:kanMX Rlc1tdTomato:NATr Sad1-mCherry:kanMX ade6 leu1-32 ura4d18

This study

YMD1067

h90 Δscd2::ura4+ Gef1-NeonGreen:kanMX Sad1mCherry:kanMX ade6 leu1-32 ura4-d18 h210

This study

YMD1069

h90 Δscd2::ura4+ Scd1-3xGFP:kanMX Rlc1tdTomato:NATr ade6-m216 leu1-32 ura4-d18

This study

YMD1088

gef1s112a:kanMX Scd1-3xGFP:kanMX ade6-m216 leu132 ura4-d18

This study

YMD965

Δgef1::ura4+ gef1S112A-3xYFP:kanMX Cdc15tdTomato:Natr ade6 leu1-32 ura4-d18

This study

YMD208

Cdc15-tdTomato:NATr Gef1-3xYFP:kanMX ade6

(WEI et al. 2016)
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CHAPTER V
F-BAR CDC15 PROMOTES CDC42 ACTIVATION DURING CYTOKINESIS AND
CELL POLARIZATION IN S. POMBE
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A version of this chapter was originally published by Brian S. Hercyk and Maitreyi E.
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Hercyk B. and Das M. (2019) F-BAR Cdc15 Promotes Cdc42 Activation During
Cytokinesis and Cell Polarization in S. pombe. Genetics.
10.1534/genetics.119.302649.
Author contributions: Brian Hercyk performed all experiments and data analysis. Brian
Hercyk and Maitreyi Das designed experiments and wrote the manuscript.

Abstract

Cdc42, a Rho-family GTPase, is a master regulator of cell polarity. Recently, it has been
shown that Cdc42 also facilitates proper cytokinesis in the fission yeast
Schizosaccharomyces pombe. Cdc42 is activated by two partially redundant GEFs, Gef1
and Scd1. Although both GEFs activate Cdc42, their deletion mutants display distinct
phenotypes, indicating that they are differentially regulated, by an unknown mechanism.
During cytokinesis, Gef1 localizes to the division site and activates Cdc42 to initiate ring
constriction and septum ingression. Here we report that the F-BAR protein Cdc15
promotes Gef1 localization to its functional sites. We show that cdc15 promotes Gef1
association with cortical puncta at the incipient division site to activate Cdc42 during ring
assembly. Moreover, cdc15 phospho-mutants phenocopy the polarity phenotypes of gef1
mutants. In a hypermorphic cdc15 mutant, Gef1 localizes precociously to the division site
and is readily detected at the cortical patches and the cell cortex. Correspondingly, the
hypermorphic cdc15 mutant shows increased bipolarity during interphase and precocious
Cdc42 activation at the division site during cytokinesis. Finally, loss of gef1 in
hypermorphic cdc15 mutants abrogates the increased bipolarity and precocious Cdc42
activation phenotype. We did not see any change in the localization of the other GEF
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Scd1 in a Cdc15-dependent manner. Our data indicate that Cdc15 facilitates Cdc42
activation at the division site during cytokinesis and at the cell cortex to promote
bipolarity and this is mediated by promoting Gef1 localization to these sites.

Introduction

The conserved Cdc42 is a master regulator of polarized cell growth in fission yeast
(MILLER AND JOHNSON 1994; JOHNSON 1999; ESTRAVIS et al. 2012; DAS AND VERDE
2013). Recently, it has also been shown that Cdc42 has a role in cytokinesis, the final
step in cell division (WEI et al. 2016a). Through the regulation of actin and membrane
trafficking, Cdc42 controls cellular processes such as growth, cell polarity, and
cytokinesis (MARTIN et al. 2007; HARRIS AND TEPASS 2010; ESTRAVIS et al. 2011;
ESTRAVIS et al. 2012). Given the complexities of these cellular processes, Cdc42
activation needs to be precisely regulated in a spatiotemporal manner. A prime example
of this precise regulation is the oscillation of Cdc42 activation between the two cell ends
during bipolar growth (DAS et al. 2012; DAS AND VERDE 2013). Disrupting Cdc42
activation patterns lead to defects in cell shape and cytokinesis (DAS et al. 2012; WEI et
al. 2016a; ONWUBIKO et al. 2019). While much is known about how Cdc42 promotes
actin organization and polarization, the spatiotemporal manner in which regulation of
Cdc42 is fine-tuned is not well understood.

Cdc42 is activated by GEFs (guanine nucleotide exchange factors) which exchange GDP
for GTP, and inactivated by GAPs (GTPase activating proteins) which enhance the
intrinsic rate of GTP hydrolysis (BOS et al. 2007). Fission yeasts have two GEFs, Scd1
and Gef1 that control polarization and cytokinesis (CHANG et al. 1994; COLL et al. 2003).
While the double deletion of the two GEFs is not viable (COLL et al. 2003; HIROTA et al.
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2003), scd1Δ and gef1Δ mutants exhibit distinct phenotypes, indicating that they
differentially activate Cdc42. scd1Δ cells are depolarized and exhibit defects in septum
morphology (CHANG et al. 1994; WEI et al. 2016a). In contrast, gef1Δ mutants exhibit
monopolar growth and a delayed onset of ring constriction (COLL et al. 2003; DAS et al.
2015; WEI et al. 2016a; ONWUBIKO et al. 2019). This suggests that the two GEFs allow
for distinct Cdc42 activation patterns, which regulate different aspects of cell polarity
establishment and cytokinesis. It is unclear how the two Cdc42 GEFs result in distinct
phenotypes given they both activate the same GTPase. One potential explanation could
be differential regulation of these GEFs. Indeed, during cytokinesis, first Gef1 localizes
to the membrane proximal to the actomyosin ring where it activates Cdc42 to promote
timely onset of ring constriction and septum initiation (WEI et al. 2016a). Next, Scd1
localizes to the ingressing membrane to promote proper septum maturation (WEI et al.
2016a).

It is unknown what gives rise to the temporal localization pattern of the GEFs. Gef1
contains a BAR domain that is required for its function but not for its localization (DAS et
al. 2015). The N-terminal region of Gef1 is necessary and sufficient for its localization
(DAS et al. 2015). Phosphorylation of the N-terminal region by Orb6 kinase generates a
14-3-3 binding site that results in the sequestration of Gef1 in the cytoplasm (DAS et al.
2009; DAS et al. 2015). While it is known how Gef1 is removed from its site of action, it
is unclear what localizes Gef1 to these sites.

Here we show that Gef1 localization to its site of action is aided by the F-BAR protein
Cdc15. Cdc15 localizes to endocytic patches during interphase and to the division site,
where it scaffolds the actomyosin ring (WU et al. 2003; ARASADA AND POLLARD 2011;
MCDONALD et al. 2017). We report that Gef1 localizes to cortical patches at the division
site during ring assembly in a cdc15-dependent manner. Similarly, we find that cdc15
promotes Gef1 localization to the cortical patches and cell tips. We show that cdc15
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phospho-mutants phenocopy gef1 polarity phenotypes. A hypermorphic cdc15 allele
shows precocious Cdc42 activation at the division site during cytokinesis and increased
bipolarity during interphase. Finally, we show that enhanced bipolarity and premature
Cdc42 activation is abrogated upon deletion of gef1 in the hypermorphic cdc15 mutant.
Here we show that Cdc15 regulates cell polarization by promoting Cdc42 activation
through the regulation of Gef1. We did not see any change in the localization of the other
GEF, Scd1, in a cdc15-dependent manner. Taken together our data indicates that Cdc15
specifically promotes Gef1 localization to the division site and the cell cortex to promote
Cdc42 activation.

Results

Gef1 localizes to cortical puncta

While we have previously characterized the distinct localization pattern and phenotypes
of the Cdc42 GEFs Gef1 and Scd1 during cytokinesis (WEI et al. 2016a), what facilitates
their localization to the division site at the appropriate time is unknown. Since Gef1 is
detectable at the membrane proximal to the assembled actomyosin ring, we posited that
the ring is required for Gef1 localization. To test this, we treated cells with 10µM
Latrunculin A (LatA) for 30 min to depolymerize actin structures, then observed the
localization of Gef1-mNeonGreen (Gef1-mNG). Gef1-mNG localizes to the membrane
proximal to the actomyosin ring, marked by Rlc1-tdTomato, in mock DMSO treated cells
(Fig. 5.1A). Rlc1-tdTomato rings fragment upon treatment with LatA, as does Gef1mNG, indicating that an intact ring is necessary for proper Gef1 localization. We observe
that upon LatA treatment, Gef1-mNG does not diffuse away into the cytosol, but instead
localizes to cortical nodes about the cortex with Rlc1-tdTomato. Upon closer examination
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of these nodes, one population of Gef1 can be seen to partially colocalize with Rlc1,
while the other population of Gef1 puncta do not overlap with Rlc1 (Fig. 5.1B). These
findings indicate that Gef1 localizes to cortical puncta near or overlapping with Rlc1
containing puncta.

Since Gef1 promotes timely onset of ring constriction (WEI et al. 2016a), we asked if
Gef1 localization itself was under a temporal control. Given that Gef1 arrives at the
division site during anaphase as the actomyosin ring assembles (WEI et al. 2016a), we
asked whether Gef1 localization is cell cycle-dependent. To test this, we induced ectopic
ring formation in interphase cells using the constitutively active formin mutant,
cdc12ΔC-GFP (YONETANI AND CHANG 2010). In the presence of thiamine, cdc12ΔCGFP expression is repressed. In these conditions, Gef1-tdTomato localizes to the division
site of mitotic cells, which are approximately 14µm in length (Fig. 5.1C). However,
Gef1-tdTomato also localizes to ectopic rings that form in cdc12ΔC-GFP expressing
mono-nucleate interphase cells less than 10µm long (Fig. 5.1C). This indicates that Gef1
localization to the ring is not cell cycle-dependent, but rather that formation of the
actomyosin ring is sufficient for Gef1 localization.

Next, we asked what pathway localizes Gef1 to the division site. The Septation Initiation
Network (SIN) is a protein signaling network that coordinates the timing of cytokinesis
with chromosome segregation (ROBERTS-GALBRAITH AND GOULD 2008; JOHNSON et al.
2012; SIMANIS 2015). The SIN pathway promotes the localization and activity of proteins
involved in ring constriction and the coordinated process of septum formation (JIN et al.
2006; ROBERTS-GALBRAITH et al. 2010; BOHNERT et al. 2013). To determine whether the
SIN is required for Gef1 localization to the division site, we examined the localization of
Gef1-3YFP in two SIN protein kinase ts mutants, plo1-25 and sid2-250 (BAHLER et al.
1998; JIN et al. 2006; HACHET AND SIMANIS 2008). In plo1-25 and sid2-250, Gef13xYFP localizes normally to the division site at the permissive temperature of 25°C.
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Figure 5.1 Gef1 localizes to cortical puncta. (A) Gef1-mNG and Rlc1-tdTomato localization
was examined in cells treated with 10µM LatA for 30 min. In DMSO treated control cells, Gef1
(red arrowheads) localizes normally to the actomyosin ring. Upon treatment with the actin
depolymerizing drug LatA, the ring fragments and Gef1 appears to localize to cortical nodes at
division site (red arrows). (B) Top and middle z-series show node like organization of Gef1-mNG
and Rlc1-tdTomato about the cortex at the division site in cells treated with LatA. White arrow
shows colocalized Gef1 and Rlc1, while orange arrow shows Gef1 alone. (C) Expression of
cdc12ΔC-GFP induces ectopic actomyosin ring formation and constriction in interphase cells.
Gef1-tdTomato ectopically localizes to these rings that form in interphase (yellow asterisks). (D)
Gef1 localizes to aberrant ring-like structures formed in sin and mid1Δ mutants. Indicated
genotypes were shifted to the restrictive temperature of 35.5°C for 4 hours. Top row: Inverted
max projections of Gef1-3xYFP (red arrowheads). Bottom row: Brightfield images of the
representative images above. (E) Gef1 colocalizes with Rlc1-tdTomato in the aberrant rings
formed in sin and mid1Δ mutants. Red arrow shows node like organization of Gef1 at the
+

+

+

actomyosin ring in sid2 plo1 mid1 control cells. Merge of the division site of control and sin
and mid1Δ mutant cells expressing Gef1-mNG and Rlc1-tdTomato. Scale bars represent 5µm.
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Surprisingly, Gef1-3YFP still localizes to ring like structures in plo1-25 and sid2-250
cells shifted to the restrictive temperature of 35.5°C for 1, 2, or 4 hours (Fig. 5.1D). We
imaged plo1-25 and sid2-250 cells expressing Gef1-mNG and the ring marker Rlc1tdTomato to better visualize the ring-like Gef1 structures and to determine whether these
structures represented components of the actomyosin ring. Indeed, Gef1-mNG
colocalizes with Rlc1-tdTomato in cells shifted to 35.5°C for 1, 2, or 4 hours,
demonstrating that Gef1 localization to the actomyosin ring is not dependent upon the
SIN pathway (Fig. 5.1E). Since we had observed Gef1 localization to cortical nodes, we
examined whether Gef1 localization was Mid1-dependent. Mid1 is an anillin-like protein
that is exported from the nucleus to form cortical nodes that define the division plane
(BAHLER et al. 1998; PAOLETTI AND CHANG 2000). It is to these nodes that various
contractile ring components are recruited, before coalescing to form the actomyosin ring
(COFFMAN et al. 2009; LAPORTE et al. 2011). In mid1Δ cells, Gef1-3xYFP localizes to
misplaced, extended ring-like structures (Fig. 5.1D). Gef1-mNG and Rlc1-tdTomato
colocalize at these extended ring-like structures, similarly to the sin mutants (Fig. 5.1E).
This demonstrates that the early node protein Mid1 is not required for the localization of
Gef1 to the actomyosin ring.

Gef1-dependent Cdc42 activation appears at the division site prior to ring assembly

Gef1 is localized mainly in the cytoplasm and is not easily detected when present in small
quantities at the membrane. Gef1 is the first GEF to localize to the division site and
activate Cdc42 (WEI et al. 2016a). To determine precisely when Gef1 localizes to the
division site, we carefully examined Gef1-mediated Cdc42 activity during ring assembly.
We monitored Cdc42 activity with the CRIB-3xGFP bio-probe that specifically binds to
active GTP-bound Cdc42 (TATEBE et al. 2008). In gef1+ cells, CRIB-3xGFP first appears
as a broad band at the division site, as it is lost from the cell tips, 8 minutes after the
Sad1-mCherry labelled spindle pole bodies (SBP) separate (Fig. 5.2A, red arrowhead,
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Figure 5.2 Cdc42 activation at the division site initiates during actomyosin ring formation.
+

(A) In gef1 cells, CRIB-3xGFP appears at the division site prior to ring assembly. (B) In gef1Δ
cells, CRIB-3xGFP does not appear at the division site until the onset of ring constriction. (C)
Cdc15-GFP appears at the division site and begins to condense into the ring just prior to Cdc42
activation. Montages are inverted z-projections of the same cells imaged over time. Numbers
beneath montages represent time in minutes with respect to SPB separation. Red arrowheads
mark the time at which CRIB-3xGFP is first detected at the division site (A and B) or Cdc15-GFP
(C). Blue arrowheads mark ring formation. (D) Frequency distribution plot of the percentage of
cells in the indicated strains with CRIB-3xGFP at the division site as a function of time since SPB
separation. (E) Frequency distribution plot of the relocation of Cdc15 from the tips to the division
site as a function of time since SPB separation. Reported p-values from Student’s t-test. Scale bar
represents 5µm.
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5.2D). However, the actomyosin ring, visualized by Rlc1-tdTomato, does not fully
assemble for another 4 minutes (Fig. 5.2A, blue arrowhead). This suggests that Cdc42 is
activated at the membrane at the division site before the cortical nodes completely
condense to form the cytokinetic ring. In contrast, CRIB-3xGFP does not become active
at the division site until ~44 minutes after SPB separation in gef1Δ mutants (Fig. 5.2B,
red arrowhead, 5.2D). Thus, although Gef1 cannot be directly detected at the division site
during this period, our findings suggest that Gef1 specifically activates Cdc42 as the ring
assembles (Fig. 5.2B).

Since Gef1-mediated Cdc42 activation initiates during ring formation, we asked if a
protein involved in ring assembly regulates Gef1 localization to the division site. The FBAR protein Cdc15 is recruited to the cortical nodes, involved in ring formation and acts
as a scaffold for multiple proteins involved in cytokinesis (FANKHAUSER et al. 1995;
CARNAHAN AND GOULD 2003; WACHTLER et al. 2006; ROBERTS-GALBRAITH et al. 2009;
REN et al. 2015). During cytokinesis Cdc15 is redistributed from the cell tips to the
division site. We find that while Cdc15 localizes to the division site ~ 4 minutes after
SPB separation, patches of Cdc15 remain at the polarized growth regions until ~10
minutes after SPB separation (Fig. 5.2C,E). This suggests that Cdc42 is activated at the
division site as Cdc15 is redistributed within the cell. Since Cdc42 activation is solely
Gef1-mediated during this period, we asked whether Cdc15 may promote Gef1
localization to the division site to activate Cdc42. A recent report indicates that Gef1
regulates Cdc15 distribution along the actomyosin ring (ONWUBIKO et al. 2019). It is
possible that Gef1 in turn depends on Cdc15 for its localization.
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Cdc15 promotes Gef1 localization to the division site

Cdc15 associates with the membrane via its F-BAR domain and acts as a scaffold that
associates with proteins at the actomyosin ring (MCDONALD et al. 2015; REN et al. 2015;
MCDONALD et al. 2017). The scaffolding ability of Cdc15 is primarily conferred through
its C-terminal SH3 domain, through which it interacts with other proteins (ROBERTSGALBRAITH et al. 2009; REN et al. 2015). While cdc15 is essential for fission yeast, a
cdc15ΔSH3 mutant is viable but displays defects in septum ingression and ring
constriction (ROBERTS-GALBRAITH et al. 2009). Similar to gef1Δ mutants, onset of ring
constriction and Bgs1 localization to the division site is delayed in cdc15ΔSH3 mutants
(ROBERTS-GALBRAITH et al. 2009; ARASADA AND POLLARD 2014; CORTES et al. 2015;
WEI et al. 2016a). Since cdc15ΔSH3 and gef1Δ displayed similar cytokinetic defects, we
asked if Cdc15 promotes Gef1 localization to the division site. To test this, we examined
Gef1-tdTomato localization to assembled, but not constricting, rings in cells expressing
either Cdc15-GFP or cdc15ΔSH3-GFP. Gef1-tdTomato is present in ~70% of Cdc15GFP rings, while Gef1-tdTomato is present in only ~40% of cdc15ΔSH3-GFP rings (Fig.
5.3A and Fig. 5.3B). Furthermore, Gef1-tdTomato fluorescent intensity is also reduced at
the assembled rings of the cdc15ΔSH3 mutant, with a relative intensity of only 76% that
of cdc15+ cells (Fig. 5.3A, 3C, Table 5.1). We find that Gef1-tdTomato localizes to the
division site in cells with a minimum SPB distance of 3µm in cdc15+ cells. In contrast, in
cdc15ΔSH3 mutants Gef1-tdTomato appears at the division site with a minimum SPB
distance of 7µm (Table 5.1). Moreover, in cdc15+ cells 61% of cells in anaphase B
displayed Gef1-tdTomato at the division site, while in cdc15ΔSH3 mutants only 12% of
anaphase B cells showed Gef1 localization (Table 5.1). In fission yeast, ring assembly
completes during anaphase B. While Gef1 localization to assembled rings is initially
impaired in cells expressing cdc15ΔSH3-GFP, all constricting rings have Gef1-tdTomato
(Table 5.1). If Gef1 localization to the ring was solely impaired due to the delayed onset
of ring constriction defect exhibited by cdc15ΔSH3 mutants, Gef1 intensity should
increase as soon as the actomyosin ring initiates constriction. However, even in the
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Figure 5.3 Cdc15 promotes Gef1 localization to the division site. (A) Inverted max projections
+

of cdc15 and cdc15ΔSH3 expressing Cdc15-GFP, Gef1-tdTomato, and Sad1-mCherry. Red
arrowheads mark the division site. (B) Quantification of fields of cells of the indicated genotypes
that have Gef1-tdTomato present at the assembled actomyosin ring. (C) Quantification of Gef1tdTomato intensity at assembled, but not constricting, rings in the indicated genotypes. (D)
Quantification of Gef1-tdTomato intensity at constricting rings in the indicated genotypes.
Reported p-values from Student’s t-test. Scale bar represents 5µm.
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Table 5.1 Characterization of Gef1 recruitment to the cell division site (CDS) in a cdc15dependent manner

* The actomyosin ring assembles during anaphase B, hence while all cells with assembled rings
are in anaphase B, not all cells in anaphase B have an assembled ring.

constricting rings, Gef1-tdTomato levels in cdc15ΔSH3 mutants are only 60% that of
cdc15+ cells (Fig. 5.3D, p=0.003, Table 5.1). This suggests that Cdc15 likely promotes
Gef1 localization to the division site.

cdc15 phenocopies gef1 polarity phenotypes

Our data indicates a functional relationship between Gef1 and Cdc15 during cytokinesis.
This is further supported by the fact that cdc15∆SH3 and gef1 share a common
phenotype: a delay in the onset of ring constriction and Bgs1 localization at the division
site (ARASADA AND POLLARD 2014; CORTES et al. 2015; WEI et al. 2016a). It is possible
that during cytokinesis Cdc15 recruits Bgs1 to the division site through Gef1. gef1Δ cells
are primarily monopolar, growing only from the old end (COLL et al. 2003; DAS et al.
2015). In contrast, the hypermorphic allele gef1S112A exhibits precocious new end
growth, producing primarily bipolar cells (DAS et al. 2015). We asked if this functional
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Figure 5.4 cdc15 phenocopies gef1 polarity phenotypes. (A) Representative images of the
indicated genotypes stained with calcofluor to visualize polarized growth. Red asterisks denote
bipolar cells, blue asterisks mark monopolar cells. (B) Quantification of the polarized growth
phenotypes in the indicated genotypes. (C) Quantification of the monopolar cells in the indicated
double mutants. (****, p<0.0001, ***, p<0.001, **, p<0.01, ns, not significant, p-values reported
from ANOVA with Tukey’s multiple comparisons post hoc test). Scale bar represents 5µm.
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relationship between Gef1 and Cdc15 is specific to cytokinesis, or whether it is also
observed during polarized growth. Indeed, as compared to control cells, cdc15∆SH3
mutants show decreased bipolarity in interphase cells, similar to gef1∆ cells (Fig. 5.4A,
5.4B). Next, we asked if an increase in bipolarity was also observed in cdc15 mutants
with increased cortical localization. When oligomerized, the F-BAR domain enables
Cdc15 to properly interact with the membrane (ROBERTS-GALBRAITH et al. 2010;
MCDONALD et al. 2015). Cdc15 is a phospho-protein where hyper-phosphorylation
disrupts proper oligomerization and at least in part impairs function (ROBERTSGALBRAITH et al. 2010). In contrast, the de-phosphorylated form of Cdc15 shows
increased oligomerization and increased localization at cortical patches (ROBERTSGALBRAITH et al. 2010). We find that similar to gef1∆ and cdc15∆SH3 mutants, the
phosphomimetic cdc15-27D allele exhibits decreased bipolarity (Fig. 5.4A, 5.4B).
Further, the non-phoshorylatable cdc15-27A allele is primarily bipolar, similar to
gef1S112A mutants (Fig. 5.4A, 5.4B).

To determine whether gef1 is epistatic to cdc15 we generated double mutants of gef1Δ
with different hypomorphic cdc15 alleles (Fig. 5.4C, Fig. S5.1). We found that gef1Δ
cdc15-27D and gef1Δ cdc15ΔSH3 double mutants show a decrease in bipolarity similar to
that observed in gef1Δ, cdc15-27D, and cdc15ΔSH3 single mutants. Moreover, the
increased bipolarity in cdc15-27A mutant was reversed when combined with a gef1Δ
mutant (Fig. 5.4C, Fig. S5.1). Together, this suggests that these proteins functionally
interact and that gef1 is epistatic to cdc15. In contrast, when we analyzed the relationship
between gef1S112A and cdc15 mutant alleles the morphological defects were further
enhanced (Table S4.1). The gef1S112A cdc15-27A double mutant, displayed an increase
in aberrant morphology and depolarized cells (Fig. S5.2, Table S4.1) while single
gef1S112A and cdc15-27A mutants displayed normal cell morphology with enhanced
bipolarity (Fig. 5.4A-C). Similarly, gef1S112A cdc15-27D and gef1S112A cdc15ΔSH3
double mutants showed aberrant cell morphology defects with multiple cell poles, and
large cell size (Fig. S5.2, Table S4.1). The gef1S112A mutant has a mutation in the Orb6
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kinase phosphorylation site, and in the dephosphorylated form this allele does not interact
with the 14-3-3 binding protein Rad24 and remains localized to the plasma membrane
(DAS et al. 2009; DAS et al. 2015). Our observations indicate that Cdc15 functionally
interacts with Gef1 via a mechanism distinct from the Orb6 kinase-gef1S112A allele
mechanism.

cdc15-27A enhances Gef1 localization at cortical patches and division site

Gef1 is predominantly a cytosolic GEF during interphase, and only transiently localizes
to sites of polarized growth (DAS et al. 2015). Given that Gef1 localization at the division
site is dependent on Cdc15, we asked whether such a relationship also occurs at the sites
of polarized growth, as suggested by the polarity phenotypes exhibited by cdc15 mutants.
While Cdc15-GFP is clearly visible at endocytic patches at the cell tips, Gef1-tdTomato
is seldom observed (Fig. 5.5A, i). The non-phoshorylatable cdc15-27A mutants tagged to
GFP show increased localization at cortical patches during interphase. Correspondingly,
in cells expressing cdc15-27A-GFP, Gef1-tdTomato is readily observed at the cell cortex
(Fig. 5.5A, ii, iii). Moreover, we also observed that Gef1-tdTomato and cdc15-27A-GFP
localize to the same cortical patches (Fig. 5.5A, iv, v, red arrow). In addition to these
polarized growth, as suggested by the polarity phenotypes exhibited by cdc15 mutants.
While Cdc15-GFP is clearly visible at endocytic patches at the cell tips, Gef1-tdTomato
is seldom observed (Fig. 5.5A, i). The non-phoshorylatable cdc15-27A mutants tagged to
GFP show increased localization at cortical patches during interphase. Correspondingly,
in cells expressing cdc15-27A-GFP, Gef1-tdTomato is readily observed at the cell cortex
(Fig. 5.5A, ii, iii). Moreover, we also observed that Gef1-tdTomato and cdc15-27A-GFP
localize to the same cortical patches (Fig. 5.5A, iv, v, red arrow). In addition to these
patches, some regions of the cortex contain only Gef1-tdTomato or Cdc15-GFP (Fig.
5.5A, iv, v, green and orange arrowheads respectively). Next, we asked if Cdc15 also
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Figure 5.5 cdc15-27A enhances Gef1 localization at cortical patches. (A) Gef1-tdTomato and
+

Cdc15-GFP localization to cortical patches in interphase cdc15 and cdc15-27A cells. i and ii are
max projections, while iii is a single 0.4µm z-plane of the same cell in ii. Insets iv and v are
enlarged regions of the cell poles marked by white boxes. Red arrows indicate colocalization of
Gef1 and Cdc15 patch. Green arrowhead indicates a Gef1 patch that does not colocalize with
Cdc15. Orange arrowhead indicates a Cdc15 patch that does not colocalize with Gef1. (B) Gef1+

tdTomato and Cdc15-GFP localization to the division site in cdc15 and cdc15-27A cells. (C)
+

Gef1-tdTomato and Cdc15-GFP localization to cortical patches at the division site in cdc15 and
cdc15-27A cells after synchronization with 10mM hydroxyurea and subsequent washout. Red
arrows indicate cells with cortical puncta around nucleus of Gef1-tdTomato and Cdc15-27A-GFP
at the division site of early mitotic cells. Orange arrowheads indicate puncta around the nucleus
that contain Cdc15-GFP but lack Gef1-tdTomato. Green arrows indicate puncta around the
nucleus that contain both Cdc15-27A-GFP and Gef1-tdTomato. (D) Quantifications of Gef1tdTomato localization to Cdc15-27A-GFP cortical puncta around nucleus in a cell cycledependent manner in the synchronized populations depicted in (C). (****, p<0.0001, **, p<0.01,
*, p<0.05, ns, not significant, one-way ANOVA with Tukey’s multiple comparisons post hoc
test). Scale bar represents 5µm.
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promoted Gef1 localization to the division site. We observe Gef1-mediated Cdc42
activation at the division site well before Gef1 itself is detectable (Fig. 5.1A). Similar to a
previous report, Gef1-tdTomato can be detected at the division site only in rings that have
completed assembly (WEI et al. 2016a). We find that in cdc15-27A mutants, Gef1tdTomato localizes to the division site before the ring completes assembly. Gef1tdTomato colocalizes with cdc15-27A-GFP as the latter condenses into a ring, while it is
not yet detectable at this stage in cdc15+ cells (Fig. 5.5B). Since it is hard to distinguish
Gef1 signal at the division site from the cytoplasmic signal, it is not possible to precisely
determine when Gef1 localizes to the division site by time lapse microscopy. We
therefore synchronized the cells in the S phase using hydroxyurea treatment and then
washed out the drug to allow for cell cycle progression. We used Cdc15-GFP or cdc1527A-GFP labeled actomyosin rings to determine cell cycle stage. During early
cytokinesis Cdc15 appears at the ring or at the precursor cytokinetic nodes around the
nucleus. We find that as the percentage of cells in cytokinesis increases, the fraction of
cells with cdc15-27A-GFP patches around the nucleus containing Gef1-tdTomato also
increased (Fig. 5.5C, D, green arrows). Thus, it is possible that Gef1 localizes earlier to
the division site in cdc15-27A mutants, most likely to the cytokinetic nodes.

Cdc15 promotes Gef1-mediated Cdc42 activation

Given that Gef1 appears to precociously localize to nodes at the division site of cells
expressing cdc15-27A, we asked whether this was concomitant with precocious Cdc42
activation. Normally Cdc42 activity, visualized by CRIB-3xGFP, first appears at the
division site only after the cell initiates anaphase A (WEI et al. 2016a). However, we find
that in cdc15-27A mutants, CRIB-3xGFP signal was visible at the medial region in 33%
of late G2-phase cells, prior to the separation of the Sad1-mCherry labelled SPB (Fig.
5.6A, B). In these cells CRIB-3xGFP signal appeared as a broad band that overlapped
with the nucleus (Fig. 5.6A, red arrows). Next, we performed time lapse microscopy to
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Figure 5.6 Cdc42 is prematurely activated in cdc15-27A cells during cytokinesis. (A)
Inverted max projections of the indicated genotypes expressing CRIB-3xGFP and Sad1-mCherry.
Orange arrowheads mark interphase cells without CRIB-3xGFP at the division site. Red arrows
mark interphase cells with premature Cdc42 activation at the division site. (B) Quantification of
Cdc42 activation at the division site prior to spindle pole body (SPB) separation in the indicated
genotypes. Reported p-values from Student’s t-test. (C) Time lapse montages of cdc15+ and
cdc15-27A cells expressing CRIB-3xGFP and Sad1-mCherry. Red arrowheads mark onset of
Cdc42 activation at the division site. Orange asterisks mark last time points before Cdc42 is
completely lost from the cell tips. Numbers beneath montages represent time in minutes with
respect to SPB separation. Scale bar represents 5µm.
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determine when Cdc42 was activated at the division site in cdc15-27A mutants. Cdc42 is
first activated ~10 minutes after SBP separation in cdc15+ cells. We find that in cdc1527A mutants, Cdc42 is activated earlier at ~4 minutes after SPB separation, as determined
by CRIB-3xGFP localization (Fig. 5.6C, red arrowhead, Fig. 5.6D). Further, similar to
previous reports, in cdc15+ cells CRIB-3xGFP signal at the division site appears
concurrent with the loss of signal from the cell tips. We find that in cdc15-27A mutants,
CRIB-3xGFP signal appears at the division site well before the signal is lost from the cell
tips (Fig. 5.6C, yellow asterisk). While CRIB-3xGFP signal at the cell medial region is
clearly detected in cells with a single SPB by still imaging, we did not detect CRIB3xGFP signal at the division site prior to SPB separation by time lapse imaging. This
could be due to low abundance or photobleaching of the signal, or it is possible that
Cdc42 is only transiently activated at the medial region during interphase in cdc15-27A
cells. Finally, we asked if the premature CRIB-3xGFP signal at the division site and the
increased bipolarity observed in cdc15-27A mutants was due to Gef1-mediated Cdc42
activation. To test this, we deleted gef1 in cdc15-27A mutants. We find that cdc15-27A
cells display an increase in bipolar CRIB-3xGFP localization at the cell tips, relative to
cdc15+ cells (Fig. 5.7A, 5.7B, p=0.039). This is consistent with our data indicating that
bipolar growth is enhanced by cdc15-27A (Fig. 5.4). Deletion of gef1 in cdc15-27A
mutants reduces bipolar CRIB-3xGFP localization, similar to that observed in gef1Δ cells
(Fig. 5.7A, B, p<0.0001). Likewise, premature Cdc42 activation at the division site in
cdc15-27A mutants is also abrogated in gef1Δ cdc15-27A cells. In gef1Δ cdc15-27A
mutants, CRIB-3xGFP did not appear at the division site until ~45minutes after SPB
separation, as was also observed in gef1Δ (Fig. 5.7C, 5.7D). Together, these results
indicate that Cdc15 promotes Gef1-mediated Cdc42 activation during cytokinesis and
cell polarization.
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Figure 5.7 Cdc15 promotes Gef1-mediated Cdc42 activation. (A) Inverted max projections of
the indicated strains expressing CRIB-3xGFP. Red asterisks mark cells with bipolar CRIB, blue
asterisks show cells with monopolar CRIB localization. (B) Quantification of the bipolar CRIBGFP in the indicated genotypes. (C) Time lapse montages of gef1Δ cdc15-27A cells expressing
CRIB-3xGFP and Sad1-mCherry. Red arrowheads mark onset of Cdc42 activation at the division
site. Numbers beneath montages represent time in minutes with respect to SPB separation. (D)
Quantification of Cdc42 activation at the division site from time lapse images in the indicated
genotypes expressing CRIB-3xGFP and Sad1-mCherry. ****, p<0.0001, ***, p<0.001, *,
p<0.05, ns=not significant, one-way ANOVA with Tukey’s multiple comparisons post hoc test.
Scale bar represents 5µm.
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Cdc15 regulates Cdc42 activation likely independent of the other GEF Scd1

Next, we asked if Cdc15 also promoted Scd1-dependent Cdc42 activation. To address
this, we first examined the localization of the Cdc42 GEF Scd1 in cdc15-27A mutants.
Under normal conditions, Scd1-tdTomato appears as a cap at the cell tips during
interphase (KELLY AND NURSE 2011; DAS et al. 2012). We find that Scd1-tdTomato
localization in cdc15-27A cells does not differ from cdc15+ cells and does not localize to
interphase cortical patches and nodes (Fig. 5.8A). We did not observe any change in the
number of Cdc15 labelled actomyosin rings with Scd1-tdTomato (Fig. 5.8B). Moreover,
Scd1-tdTomato levels at the cell poles are similar for cdc15+ and cdc15-27A mutants
(Fig. 5.8C). This indicates that Cdc15 specifically regulates Gef1 localization during
cytokinesis and cell polarization but not that of Scd1. Next, we combined scd1Δ with
cdc15 mutant alleles. Scd1 is essential for mating and hence scd1Δ cells are sterile
(CHANG et al. 1994; BENDEZU AND MARTIN 2013). Thus, in order to generate double
mutants, we transformed scd1Δ strains with a plasmid bearing scd1 and mated this to
cdc15 mutants. Once scd1Δ cdc15 double mutants were selected we tried to remove the
scd1-bearing plasmid. In scd1Δ cdc15-27A double mutant cells that lost the plasmid were
not viable (Fig. 5.8E) and appeared more depolarized compared to scd1Δ mutants (Fig.
5.8D). A recent report indicates that in scd1Δ mutants Gef1 cortical localization is
enhanced and is ectopic (HERCYK et al. 2019). In the absence of scd1, gef1 is the only
remaining GEF and scd1Δ gef1Δ double mutants are inviable. It is possible that in the
scd1Δ cdc15-27A mutant Gef1 localization is severely impaired due to the combined
effect of the two mutations thus leading to loss of viability. In agreement with this, we
find that cdc15-27D and cdc15ΔSH3 mutants that phenocopy gef1Δ are also synthetically
lethal with scd1Δ. Terminal colonies of scd1Δ cdc15-27D and scd1Δ cdc15ΔSH3 without
the scd1-bearing plasmid were observed under the microscope. These mutants display
severe morphological defects (Fig. 5.8E). Thus, these observations indicate that Scd1 and
Cdc15 function independently to activate Cdc42.
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Figure 5.8 Cdc15 and Scd1 regulate cell polarity through parallel pathways. (A) Scd1tdTomato localization in cdc15-GFP and cdc15-27A-GFP expressing cells. Red arrows mark cells
with assembled Cdc15-GFP rings. Orange arrowheads indicate absence of Scd1-tdTomato
localization at these rings. (B) Quantification of Scd1-tdTomato localization to assembled Cdc15GFP rings in the indicated genotypes. (C) Quantification of Scd1-tdTomato intensity at the cell
poles in cdc15+ and cdc15-27A cells. (D) Bright field images of scd1Δ and scd1Δ cdc15-27A
mutants. Orange arrowheads indicate sites of polarization. (E) Representative bright field images
of the synthetic lethal polarity phenotypes of scd1Δ cdc15-27A, scd1Δ cdc15-27D, and scd1Δ
cdc15ΔSH3. Reported p-values from Student’s t-test. Scale bar represents 5µm.
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Discussion

The two Cdc42 GEFs, while partially redundant, show distinct phenotypes during cell
polarity and cytokinesis (CHANG et al. 1994; COLL et al. 2003; WEI et al. 2016a). This
suggests that the GEFs may be regulated in different ways to precisely activate Cdc42 at
its site of function. Although the role of the Cdc42 GEF, Gef1 in cytokinesis and cell
polarity is well established (DAS AND VERDE 2013; CHIOU et al. 2017), it is not clear how
Gef1 localizes to its site of action. Here we show that Gef1, but not the other GEF Scd1,
localizes to its site of action in a manner dependent on the F-BAR Cdc15.
While disintegration of the actomyosin ring by LatA treatment results in Gef1 localizing
to the cortical puncta, Gef1 does not become visible at the division site until the
cytokinetic nodes coalesce into the actomyosin ring (WEI et al. 2016a). However, Gef1dependent Cdc42 activity can be observed at the membrane overlapping the nodes a few
minutes before the nodes fully coalesce to form the ring. Given that Gef1 is a low
abundance protein, it is possible that Gef1 may be present at quantities beneath our
detection limit at the cortical nodes during the initial stages of ring assembly. Alternately,
it is possible that cytoplasmic Gef1 near the division site may activate Cdc42 at the
membrane overlapping the nucleus by an as yet unknown mechanism.

Given the timing of Cdc42 activation, Gef1 appears to be recruited late during the ring
assembly process. Thus, we looked at other proteins that are likewise recruited to the
division site during a similar time frame. It has previously been reported that the F-BAR
protein Cdc15 is one of the last proteins to be recruited to the cytokinetic nodes before
the ring assembles (WU et al. 2003). We find that Cdc15 localizes to the division site
shortly before Gef1-dependent Cdc42 activity initiates. Since Cdc15 serves as a scaffold
and promotes localization for many other proteins during cytokinesis we asked if Cdc15
also promoted Gef1 localization, at the division site. We find that Gef1 localization is
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delayed in the hypomorphic cdc15ΔSH3 mutant, and Gef1 levels at the division site
remain low throughout constriction. Thus, our data suggests that Gef1 localization to the
division site is cdc15 dependent. While our data indicates a relationship between Gef1
and Cdc15, we did not observe any physical interaction between these proteins. This
suggests that Cdc15 does not promote Gef1 localization by physically recruiting it to its
site of action. It is possible that Cdc15 promotes Gef1 localization via indirect means.
Cdc15 is required for endocytosis and also regulates the organization of lipid-rich
domains in the plasma membrane (WACHTLER et al. 2003; TAKEDA et al. 2004;
ARASADA AND POLLARD 2011). It is possible that Cdc15 may regulate Gef1 localization
via either of these processes. Indeed, in a recent report Gef1 has been shown to be
involved in endocytosis (ONWUBIKO et al. 2019). Further analysis will be necessary to
understand the molecular mechanism of Cdc15-dependent Gef1 localization.

We have previously reported that the β-1,3-glucan synthase Bgs1, the septum
synthesizing enzyme that drives membrane ingression, is delayed in gef1Δ cells (WEI et
al. 2016a). A similar defect is observed in cdc15ΔSH3 mutants (ROBERTS-GALBRAITH et
al. 2009; CORTES et al. 2015). Given that Cdc15 promotes Gef1 localization to the
division site, and that cdc15ΔSH3 also exhibits the delayed onset of ring constriction,
characteristic of gef1Δ cells, we posited that Cdc15 acts upstream of Gef1 during
cytokinesis. Apart from its role in cytokinesis, Gef1 is also required for proper cell
polarity establishment (COLL et al. 2003). In fission yeast, immediately after division the
cells grow in a monopolar manner from the old end, and as the cells reach a certain size,
bipolarity ensues (DAS et al. 2012; DAS et al. 2015). Loss of gef1 leads to a delay in
initiation of bipolarity and as a result a large number of the cells in interphase are
monopolar (COLL et al. 2003; DAS et al. 2015). While Gef1 mainly localizes to the
cytoplasm, its cortical localization is enhanced in gef1S112A mutants rendering the cells
bipolar. We find that the gain of function cdc15-27A mutant resembles gef1S112A
mutants, in which the cells are predominantly bipolar. In contrast, cdc15-27D and
cdc15ΔSH3 mutants mimic gef1Δ mutants, in which cells are predominantly monopolar.
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Moreover, both gain of function (cdc15-27A) and hypomorphic (cdc15ΔSH3 and cdc1527D) cdc15 mutants displayed monopolarity similar to gef1Δ single mutants when
combined with gef1Δ. This provides further evidence that gef1 is epistatic over cdc15 and
that the two proteins functionally interact.

A recent report suggests that Gef1 is primarily a cytosolic GEF, where it activates Cdc42
(TAY et al. 2018). Rather, our data suggest that Cdc15 recruits Gef1 to the cortical
patches to promote bipolar growth. During interphase Cdc15 is localized to the endocytic
patches where it promotes vesicle internalization (ARASADA AND POLLARD 2011). In the
hypermorphic mutants, cdc15-27A-GFP levels are elevated at cortical patches (ROBERTSGALBRAITH et al. 2010). Correspondingly, these mutants also show Gef1 localization to
these patches. Moreover, Gef1 localization at the cortex is quite prominent in these
mutants. In agreement with increased Gef1 cortical localization, we also observe
increased Cdc42 activation at both cell poles resulting in increased bipolarity. Gef1
cortical localization has been shown to increase under stress conditions (DAS et al. 2015;
TAY et al. 2018). It is possible that in cdc15-27A the cells undergo stress resulting in
enhanced cortical localization of Gef1. However, given that hypomorphic cdc15 mutants
impair Gef1 localization and Gef1-dependent Cdc42 activation, and that Gef1 localizes to
cdc15-27A containing patches, we propose that Cdc15 regulates Gef1-mediated Cdc42
activation. A recent paper demonstrates that Gef1 regulates Cdc15 by controlling the size
and lifetime of Cdc15 cortical patches (ONWUBIKO et al. 2019). Above, we present data
that demonstrate Cdc15 is upstream of Gef1. These two observations are not
contradictory, but rather reveal an elegant regulatory pattern: Cdc15 promotes Gef1
localization to endocytic patches, where Gef1 in turn regulates the size of the Cdc15
patch via Cdc42 activation. Our observation that Gef1-tdTomato and Cdc15-27A-GFP do
not perfectly colocalize at the cortex can be explained by the following model. Cdc15
initially recruits Gef1 to endocytic patches at the cortex, resulting in colocalization. Once
Gef1 facilitates patch internalization, Cdc15 is lost from the cortex while Gef1 remains
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for a short time. Further investigations will determine how Gef1-mediated Cdc42 activity
regulates Cdc15 cortical patch lifetime.

Given the abundance of Gef1 in the cytoplasm, small levels of Gef1 are not easily
detectable at cortical patches. Gef1 localization to the cortical patches and the cortex may
be enhanced by the increased abundance of cdc15-27A at cortical patches. Gef1
localization at the cell cortex is also regulated by the NDR kinase Orb6 (DAS et al. 2009).
Orb6 kinase phosphorylates Gef1 at a serine at position 112 and this promotes
sequestration of Gef1 to the cytoplasm by the 14-3-3 protein Rad24 (DAS et al. 2015).
We find that gef1S112A mutants that constitutively localize to the membrane show
additive effects with cdc15 mutants. This suggests that Gef1 localization to the site of
action is regulated by multiple pathways. While Orb6 kinase is involved in preventing
Gef1 localization to the membrane, Cdc15 likely promotes its localization. The cell shape
defects with increased cell size observed in gef1S112A cdc15-27D and gef1S112A
cdc15ΔSH3 mutants suggests that in the absence of proper Cdc15 function, constitutively
localized gef1S112A can establish multiple growth poles. Together these results indicate
that Cdc15 promotes Gef1-mediated Cdc42 activity at the cell poles and during
cytokinesis. Cdc42 is activated by Gef1 and Scd1, and the scd1Δ gef1Δ double mutant is
lethal (COLL et al. 2003; HIROTA et al. 2003). Our observation that loss of function cdc15
mutants are synthetically lethal with deletion of the other Cdc42 GEF scd1 provides
further evidence that Cdc15 promotes Gef1 function.

The mechanistic understanding of factors that control Gef1 localization is sorely lacking.
Aside from the observation that the N-terminus of Gef1 is required for its localization to
the membrane, no other factors have been identified (DAS et al. 2015). It has also been
reported that Gef1 activates Cdc42 with the help of BAR Hob3 protein interaction (COLL
et al. 2007). Gef1 is a homolog of the mammalian GEF TUBA and contains a BAR
domain (DAS et al. 2015). However, previous reports show that the Gef1-BAR domain is
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not required for its localization to the division site, nor is Hob3 required for Gef1
localization (Fig. S5.3) (DAS et al. 2015). In contrast, the mechanism removing Gef1
from the membrane has been elucidated. Gef1 is phosphorylated by Orb6, generating a
14-3-3 binding site that results in Gef1 removal by Rad24 (DAS et al. 2009; DAS et al.
2015). Here, we identify Cdc15 as a factor that promotes Gef1 localization to both the
cell tips and the division site. The role of Cdc15 in the processes of cytokinesis and
endocytosis is well established (FANKHAUSER et al. 1995; CARNAHAN AND GOULD 2003;
WACHTLER et al. 2006; ROBERTS-GALBRAITH et al. 2010; ARASADA AND POLLARD 2011;
ARASADA AND POLLARD 2014; MARTIN-GARCIA et al. 2014; REN et al. 2015; WILLET et
al. 2015). Here we present data that reveals an additional role for Cdc15 in the regulation
of Cdc42 activation during cell polarization and cytokinesis. Furthermore, this regulation
is mediated by the specific regulation of Gef1 localization, but not that of the other GEF
Scd1. These studies begin to explain how, through differential regulation and
localization, two GEFs of the same GTPase can exhibit distinct phenotypes.

Materials and Methods

Strains and cell culture

The S. pombe strains used in this study are listed in Table S1. All strains are isogenic to
the original strain PN567. Cells were cultured in yeast extract (YE) medium and grown
exponentially at 25°C, unless specified otherwise. Standard techniques were used for
genetic manipulation and analysis (MORENO et al. 1991). Cells were grown exponentially
for at least 3 rounds of eight generations before imaging.
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Microscopy

Cells were imaged at room temperature (23–25°C) with an Olympus IX83 microscope
equipped with a VTHawk two-dimensional array laser scanning confocal microscopy
system (Visitech International, Sunderland, UK), electron-multiplying charge-coupled
device digital camera (Hamamatsu, Hamamatsu City, Japan), and 100×/numerical
aperture 1.49 UAPO lens (Olympus, Tokyo, Japan). Images were acquired with
MetaMorph (Molecular Devices, Sunnyvale, CA) and analyzed by ImageJ (National
Institutes of Health, Bethesda, MD (SCHNEIDER et al. 2012)). For still and z-series
imaging, the cells were mounted directly on glass slides with a #1.5 coverslip (Fisher
Scientific, Waltham, MA) and imaged immediately; fresh slides were prepared every 10
minutes. Z-series images were acquired with a depth interval of 0.4 μm. For time-lapse
images, the cells were placed in 3.5-mm glass-bottom culture dishes (MatTek, Ashland,
MA) and overlaid with YE medium plus 0.6% agarose with 100μM ascorbic acid as an
antioxidant to minimize toxicity to the cell, as reported previously (FRIGAULT et al. 2009;
WEI et al. 2017).

Analysis of fluorescent intensity

Mutants expressing fluorescent proteins were harvested from mid-log phase cultures at
OD(595) 0.5 and imaged on slides. Depending on the mutant and the fluorophore, 16-18 zplanes were collected at a z-interval of 0.4µm for either or both the 488nm and 561nm
channels. The respective controls were grown and imaged in an identical manner. ImageJ
was used to generate sum projections from the z-series, and to measure the fluorescence
intensity of a selected region. The cytoplasmic fluorescence of the same cell was
subtracted to generate the normalized intensity. Mean normalized intensity was
calculated for each image from all measurable cells (n>5) within each field.
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Statistical tests

Statistical tests were performed using GraphPad Prism software. When comparing two
samples, a student’s t-test (two-tailed, unequal variance) was used to determine
significance. When comparing three or more samples, one-way ANOVA was used,
followed by a Tukey’s multiple comparisons post-hoc test to determine individual pvalues.

Cell staining

To stain the septum and cell wall, cells were stained in YE liquid with 50 μg/ml
Calcofluor White M2R (Sigma-Aldrich, St. Louis, MO) at room temperature.

Latrunculin A treatment

Cells were treated with 10 μM latrunculin A in dimethyl sulfoxide (DMSO) in YE
medium for 30 min before imaging. Control cells were treated with only 0.1% DMSO in
YE medium.
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Analysis of sin and cdc12 mutants

plo1-25, sid2-250, and control cells were grown in YE at 25°C to OD 0.2, then shifted to
the restrictive temperature at 35.5°C. Slides were then prepared and imaged from the
cultures at 0, 1, 2, and 4 hour time points. Cells expressing cdc12ΔC-GFP were initially
grown in EMM (Edinburgh minimal medium) with 150µM Thiamine. Induction of
cdc12ΔC-GFP expression was performed as described previously (YONETANI AND
CHANG 2010). Briefly, cultures were harvested by low speed centrifugation, rinsed, and
then grown in EMM without thiamine for 18 hours prior to imaging.

Cell synchronization

Cells expressing Gef1-tdTomato and Cdc15-GFP or Cdc15-27A-GFP were grown in YE
at 25°C to OD 0.2, then treated with 10mM hydroxyurea (HU) for 4 hours. Cells were
harvested by low speed centrifugation and washed 3 times in fresh YE to release them
from S-phase arrest. Fresh slides were prepared and imaged in 30 minute intervals until
they entered M-phase.
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Figure S5.1 gef1 mutant polartity phenotypes are epistatic to cdc15. Representative images of
the indicated genotypes stained with calcofluor to visualize polarized growth. Blue asterisks mark
monopolar cells. Scale bar represents 5µm.

Figure S5.2 gef1-mediated polarity phenotypes regulated by both cdc15-dependent and
cdc15-independent pathways. Representative bright field images illustrating the polarity defects
of the indicated genotypes. Scale bar represents 5µm.
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Figure S5.3. Gef1 localization is not impaired by loss of hob3. Inverted medial plane images
showing Gef1-mNG localization in the indicated genotypes. Scale bar represents 5µm.

Table S5.2 List of strains
Strain

Genotype

Source

PN567

h+ ade6-704 leu1-32 ura4-D18

Paul Nurse

YMD926

Gef1-mNeonGreen:kanMX Rlc1-tdTomato NATr Sad1mCherry:kanMX ade6 leu1-32 ura4-D18

This study

FC2126

pREP42:cdc12ΔC-GFP:ura4+ ade6-M216 leu1-32 ura4D18 his7+

(YONETANI AND
CHANG 2010)
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Strain

Genotype

Source

YMD1054

pREP42:cdc12ΔC-GFP:ura4+ Gef1-tdTomato:kanMX
ade6 leu1-32 ura4-D18

This study

KGY1105

sid2-250 ade6-M21X ura4-D18 leu1-32

(BALASUBRAMANIA
N et al. 1998)

KGY2669

plo1-25

(BAHLER et al.
1998)

YMD872

Δmid1::ura4+ Gef1-3xYFP:kanMX ade6 leu1-32 ura4D18

This study

YMD844

plo1-1 Gef1-3xYFP:kanMX ade6 leu1-32 ura4-D18

This study

YMD847

sid2-250 Gef1-3xYFP:kanMX ade6-M21X ura4-D18 leu1-

This study

YMD952

plo1-25 Gef1-mNeonGreen:kanMX Rlc1-tdTomato NATr
Sad1-mCherry:kanMX ade6 leu1-32 ura4-D18

This study

YMD954

sid2-250 Gef1-mNeonGreen:kanMX Rlc1-tdTomato NATr
Sad1-mCherry:kanMX ade6 leu1-32 ura4-D18

This study

YMD978

mid1Δ Gef1-mNeonGreen:kanMX Rlc1-tdTomato NATr
Sad1-mCherry:kanMX ade6-M21X ura4-D18 leu1-32

This study

YMD317

CRIB-3xGFP:ura4+ Rlc1-tdTomato:NATr Sad1mCherry:kanMX ade6-M21X leu1-32 ura4-D18 his7+

(WEI et al. 2016b)

YMD488

Δgef1::ura4+ CRIB-3xGFP:ura4+ Rlc1-tdTomato:NATr
Sad1-mCherry:kanMX ade6 leu1-32 ura4-D18 his7+

(WEI et al. 2016b)

YMD133

Cdc15-GFP:kanMX6 sad1-mCherry:kanMX ade6-M21X
leu1-32 ura4-D18

(WEI et al. 2016b)

YMD973

cdc15ΔSH3-GFP:kanMX Gef1-tdTomato:kanMX Sad1mCherry:kanMX ade6-M21X ura4-D18 leu1-32

This study

YMD991

Cdc15-GFP:kanMX Gef1-tdTomato:kanMX Sad1mCherry:kanMX ade6-M21X ura4-D18 leu1-32

This study

YMD929

gef1S112A:ura4+ kanMX ade6-M210 ura4-D18 leu1-32

This study
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Strain

Genotype

Source

YMD710

Δgef1::ura4+ ura4-D18 leu1-32

This study

cdc15ΔSH3 ade6-M210 leu1-34 ura4-D18

(ROBERTSGALBRAITH et al.
2009)

cdc15-27A ade6-M21X leu1-32 ura4-D18

(ROBERTSGALBRAITH et al.
2010)

cdc15-27D ade6-M21X leu1-32 ura4-D18

(ROBERTSGALBRAITH et al.
2010)

KGY10307

cdc15-27A-GFP:kanMX ade6-M21X leu1-32 ura4-D18

(ROBERTSGALBRAITH et al.
2010)

YMD1155

Cdc15-GFP:kanMX Gef1-tdTomato:kanMX ade6-M21X
leu1-32 ura4-D18

This study

YMD1145

cdc15-27A-GFP:kanMX Gef1-tdTomato:kanMX ade6M21X leu1-32 ura4-D18

This study

YMD1243

Cdc15-GFP:kanMX Scd1-tdTomato:kanMX ade6-M21X
leu1-32 ura4-D18

This study

YMD1212

cdc15-27A-GFP:kanMX Scd1-tdTomato:kanMX ade6M21X leu1-32 ura4-D18

This study

YMD121

CRIB-3xGFP:ura4+ Sad1-mCherry:kanMX ade6-M21X
leu1-32 ura4-D18

This study

YMD121

CRIB-3xGFP:ura4+ Sad1-mCherry:kanMX ade6-M21X
leu1-32 ura4-D18

This study

YMD1143

cdc15-27A CRIB-3xGFP:ura4+ Sad1-mCherry:kanMX
ade6-M21X leu1-32 ura4-D18

This study

YMD1242

Δgef1::ura4+ cdc15-27A CRIB-3xGFP:ura4+ Sad1mCherry:kanMX ade6-M21X leu1-32 ura4-D18

This study

KGY7051

KGY10303

KGY9723
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Strain

Genotype

Source

YMD1097

Δhob3::kanMX Gef1-mNeonGreen:kanMX ade6-M21X
leu1-32 ura4-D18

This study

YMD1243

Scd1-tdTomato:kanMX Cdc15-GFP:kanMX ade6 leu1-32
ura4-D18

This study

YMD1212

Scd1-tdTomato:kanMX Cdc15-27A-GFP ade6-M21X leu132 ura4-D18

This study

YMD1479

Δgef1::ura4+ cdc15-27D ade6-M21X leu1-32 ura4-D18

This study

YMD1480

Δgef1::ura4+ cdc15ΔSH3 ade6-M21X leu1-32 ura4-D18

This study

YMD1482

gef1S112A:ura4+ kanMX cdc15-27A ade6-M21X leu1-32
ura4-D18

This study

YMD1483

gef1S112A:ura4+ kanMX cdc15-27D ade6-M21X leu1-32
ura4-D18

This study

YMD1484

gef1S112A:ura4+ kanMX cdc15ΔSH3 ade6-M21X leu1-32
ura4-D18

This study

YMD1485

scd1Δ::ura4+ ral1:scd1+:leu1+ cdc15-27A ade6 leu1-32
ura4-D18

This study

YMD 1486

scd1Δ::ura4+ ral1:scd1+:leu1+ cdc15-27D ade6 leu1-32
ura4-D18

This study

YMD 1487

scd1Δ::ura4+ ral1:scd1+:leu1+ cdc15ΔSH3 ade6 leu1-32
ura4-D18

This study
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CHAPTER VI
CDC42 INACTIVATION DURING CYTOKINESIS PERMITS PROPER
MEMBRANE BARRIER FORMATION IN S. POMBE

Introduction

The role of Cdc42 during the process of cytokinesis is not well characterized. Indeed,
many reports indicate that Cdc42 both promotes and antagonizes cytokinesis (DUTARTRE
et al. 1996; DRECHSEL et al. 1997; CRAWFORD et al. 1998; DEHAPIOT et al. 2013). This
apparent paradox can be explained by the observations that, while Cdc42 activity is
essential for early cytokinetic events, it must be precisely inactivated for later cytokinetic
events (ATKINS et al. 2013; ONISHI et al. 2013; WEI et al. 2016; ONWUBIKO et al.
2019a). It was recently shown that Cdc42 is required for the delivery of Bgs1 to the
division site (ONWUBIKO et al. 2019a). Bgs1 is the glucan synthase that builds the
primary septum. In the absence of Bgs1 delivery, the coupled processes of septum
synthesis and ring constriction do not initiate, leading to cytokinesis failure. Furthermore,
Cdc42 activity is also required to spatially control the delivery of the glucanases Eng1
and Agn1 that remodel the septum to enable cell separation (ONWUBIKO et al. 2019a).

While we now have a better understanding of the role of Cdc42 during early cytokinesis,
why Cdc42 must be inactivated for later steps has not been as well characterized.
While numerous investigations have observed that the failure to inactivate Cdc42
prevents cell abscission and separation, the mechanism through which this occurs has not
been investigated (ATKINS et al. 2013; (DUTARTRE et al. 1996; DRECHSEL et al. 1997;
CRAWFORD et al. 1998; DEHAPIOT et al. 2013).
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Results

Cell separation is delayed in rga4Δ rga6Δ mutants

Studies in S. cerevisiae have demonstrated that enhanced or prolonged Cdc42
activation generates septum defects (ATKINS et al. 2013; ONISHI et al. 2013). Neither the
mechanism responsible for the generation of these cell wall defects, nor whether this may
prevent cell separation, and how it does so, have been addressed. We asked
if S. pombe might also exhibit similar defects. To address this question, we combined the
deletion mutants of two Cdc42 GAPs, rga4 and rga6, to generate a viable system that
exhibits enhanced or prolonged Cdc42 activation at the division site. Prior to the
initiation of ring constriction, Rga4-GFP and Rga6-GFP are excluded from the
division site (Fig. 6.1). Rga4-GFP and Rga6-GFP localize to the ingressing membrane
during ring constriction, and remain on the membrane flanking the septum through cell
separation (Fig. 6.1).

Next, we examined the cytokinetic phenotype of rga4Δ rga6Δ mutants. While
control rga4+ rga6+ cells display a septation index of 18%, this was elevated to ~28%
in rga4Δ and rga6Δ single mutants (Fig. 6.2A, p=0.013 and p=0.014, respectively). The
septation index was further elevated to 36% in rga4Δ rga6Δ double mutants, indicating
that cytokinesis is prolonged in these cells (Fig. 6.2A, p<0.0001). To determine the
cytokinetic stage from which this defect arises, we acquired time lapse images of dividing
cells expressing the ring marker Rlc1-tdTomato and the SPB marker Sad1-mCherry.
Neither the onset nor the duration of ring constriction was impaired in the single or
double mutants. However, cell separation, defined as the time from ring disassembly until
cell separation, was prolonged to 32 min in rga4Δ rga6Δ mutants, relative to 21 min in
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Figure 6.1 The Cdc42 GAPs localize to the ingressing membrane during cytokinesis.
Inverted medial plane images of cells expressing GFP tagged GAPs and the ring marker Rlc1tdTomato.

Figure 6.2 rga4Δrga6Δ mutants exhibit cell separation defects. (A) Quantification of the
septation index in the indicated genotypes. (B) Quantification of the cell separation defect in the
indicated genotypes. (C) Representative montages of cytokinesis in rga4+rga6+ and rga4Δrga6Δ
cells expressing the ring marker Rlc1-tdTomato and Sad1-mCherry. Red arrowhead indicates the
time point at which ring disassembly occurs. Red box indicates the time point when cell
separation occurs. Significance determined by one-way ANOVA with Tukey’s multiple
comparisons post hoc test (****, p<0.0001, **, p<0.01, *, p<0.05, ns, not significant).
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control cells (Fig. 6.2B, C, p<0.0016).

rga4Δ rga6Δ mutants exhibit cell wall and membrane remodeling defects

Next, we examined the septa of rga4+ rga6+ and rga4Δ rga6Δ cells to determine
whether these mutants also exhibit the cell wall defects of similar budding yeast mutants,
which could potentially explain the delay in cell separation. Indeed, several interesting
defects were observed in TEM micrographs of rga4Δ rga6Δ cells, including what appears
to be the accumulation of excessive membrane flanking the ingressing septum (thick
electron dense region surrounding the septum in top left rga6Δrga6Δ image), the loss of
septum-membrane coupling at the leading edge (membrane appears to be pulled away
from the septa in the left two rga6Δrga6Δ images, red boxes), the inclusion of membrane
fragments within the septum (electron dense specks within the septa in the bottom right
panel, red box), and the accumulation of pre-endocytic (~40nm) vesicles near the septum
and membrane fusion site (dots near the site of fusion, red box in upper right panel) (Fig.
6.3).

While the membrane is normally tightly coupled to the septum, it has been reported that
loss of β–glucan synthase Bgs4 activity leads to membrane uncoupling from the septum
(MUNOZ et al. 2013). To determine whether the membrane uncoupling was due to Bgs4
defects, we examined Bgs4-GFP localization in control and rga4Δ rga6Δ cells.
However, no Bgs4-GFP localization defects were detected in these cells, consistent with
the predominantly normal morphology of their secondary septum (Fig. 6.4). This is
consistent with other reports that demonstrate that Cdc42 activity regulates Bgs1
delivery, but not Bgs4 (ARASADA AND POLLARD 2015; WEI et al. 2016). Since secondary
septum formation appeared normal in these cells, we looked at other defects present in
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Figure 6.3 rga4Δrga6Δ mutants exhibit septa with multiple defects. TEM micrographs of
septa in the indicated genotypes. Red boxes highlight different types of defects. Scale bar=1μm.

Figure 6.4 Bgs4 localization in rga4Δ rga6Δ mutants. (A) Bgs1-GFP signal overlaps with the
ring marker Rlc1-tdTomato. (B) 3D reconstructions of the division site in the indicated
genotypes.
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the TEM micrographs. One particularly interesting feature is the accumulation of ~40nm
vesicles, consistent with the reported size of primary endocytic vesicles (PRESCIANOTTOBASCHONG AND RIEZMAN 1998), near the leading edges of the ingressing septum.

rga4Δ rga6Δ mutants exhibit endocytic defects

In S. pombe, endocytosis is confined to the outer rim of the membrane barrier (WANG et
al. 2016). Since the septins and exocyst localize to the outer rim of the membrane barrier,
where they regulate membrane trafficking (MARTIN-CUADRADO et al. 2005), we asked if
the defect was due to the mislocalization of these proteins. However, we did not detect
any defects in the localization of the septin Spn2-GFP, or the exocyst components Sec8GFP and Exo70-RFP (Fig. 6.5). Our lab has previously reported that Cdc42 is required
for proper endocytosis; gef1Δ cells that have a moderate decrease in Cdc42 activity
exhibit fewer but larger actin patches, and the rate of vesicle internalization is reduced
(ONWUBIKO et al. 2019b). Therefore, we next asked whether the inability to inactivate

Cdc42 activity throughout the membrane barrier in rga4Δ rga6Δ mutants could result
in failure to restrict endocytosis to the outer rim of the membrane barrier. To
investigate this, we examined the localization of the endocytic patch/vesicle
marker fimbrin Fim1-GFP in rga4+ rga6+ and rga4Δ rga6Δ cells expressing the Rlc1tdTomato ring marker (Fig. 6.6A). As expected, Fim1-GFP localization was mainly
confined to the outer rim in control cells (Fig. 6.6B). However, we detected ectopic
patches of Fim1-GFP throughout the ingressing membrane of rga4Δ rga6Δ mutants (Fig.
6.6B). To quantify this phenotype at the same cytokinetic stage, we compared the
division site of cells that had only small Rlc1-tdTomato puncta in the center of the 3D
reconstructed division site, indicating that ring constriction was nearing completion and
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Figure 6.5 Localization of the septins and exocyst in rga4Δ rga6Δ mutants. (A and B) Spn2GFPand Exo70-RFP localization in the indicated genotypes. (C) 3D reconstructions of the
division site in the indicated genotypes
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Figure 6.6 Endocytosis is not spatially restricted in rga4Δ rga6Δ mutants. (A) Fim1-GFP
localizes to the division site of cells with assembled Rlc1-tdTomato rings. (B) 3D reconstructions
of the division site in the indicated genotypes. (C) Quantification of ectopic Fim1-GFP
localization. Significance determined through Students two-tailed t-test.
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disassembly. We find that the division site of rga4Δ rga6Δ mutants contains an average
of ~5 ectopic Fim1-GFP puncta, relative to the ~2 puncta detected in control cells (Fig.
6.6C, p<0.0001). This indicates that endocytosis in misregulated during cytokinesis
in rga4Δ rga6Δ mutants, and is the first report to identify a role for Cdc42 in this process.
We are currently investigating how these membrane barrier defects lead to abnormal
septum morphology.

Discussion

Membrane trafficking is essential for all stages of cytokinesis. Since Cdc42 is one of the
primary regulators of membrane trafficking in most organisms, it is somewhat surprising
that the first report to implicate Cdc42 in this process during cytokinesis comes from the
organism S. pombe, in which Cdc42 plays a less direct role in the process of endocytosis
(HARRIS AND TEPASS 2010). Rather than activating Wsp1 to stimulate the activity of the
Arp2/3 complex, Cdc42 indirectly regulates endocytosis through the F-BAR Cdc15
(ONWUBIKO et al. 2019b). We report that the loss of the Cdc42 GAPs, rga4 and rga6,
leads to ectopic fimbrin localization at the division site. Fimbrin is an actin bundling
protein that crosslinks actin patches and the cytokinetic ring in S. pombe (NAKANO et al.
2001; WU et al. 2001), and is commonly used as a actin patch/endocytic vesicle marker.
While fimbrin is mostly confined to the rim of the membrane barrier in control cells, it
localizes as puncta throughout the plane of the division site in rga4Δ rga6Δ mutants. Our
unpublished data indicates that, while Cdc42 activity is confined to the rim during late
cytokinesis, it is active throughout the membrane barrier in rga4Δ rga6Δ mutants. This
suggests that Cdc42 is spatially inactivated in the center of the membrane barrier to
exclude endocytosis from these regions.
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While we have not yet demonstrated that the failure to restrict endocytosis to the rim is
the cause of the cell separation defect in rga4Δ rga6Δ mutants, Eng1 and Agn1 are
delivered to similar ectopic locations at the division site in cdc42-1625 mutants
(ONWUBIKO et al. 2019a), suggesting that multiple membrane trafficking events must be
spatially regulated at specific regions of the ingressing membrane/cleavage furrow.
Membrane trafficking is undoubtedly regulated by other factors in addition to Cdc42, as
Cdc42 is essential for the delivery of Bgs1, but not of Bgs4 (ARASADA AND POLLARD
2015; WEI et al. 2016). This observation may provide an explanation for the excessive
membrane and loss of membrane-septum coupling in rga4Δ rga6Δ mutants. The
increased levels of Cdc42 activity in rga4Δ rga6Δ mutants may shift the stoichiometric
balance between the delivery of various cargos. If we assume Bgs4 deposition is the rate
limiting step of septum synthesis, enhanced delivery of cargoes promoted by Cdc42
would provide excessive membrane faster than the septum can be synthesized, leading
either to the loss of actomyosin ring tension or the uncoupling of the membrane from the
septum. In this scenario, the enhanced and improperly localized endocytic events in
rga4Δ rga6Δ mutants may be a product of a compensatory mechanism to remove the
excessive membrane deposited at the septum.

It is possible that the spatial regulation of endocytosis in rga4Δ rga6Δ mutants is not the
cause of the cell separation defect, but simply a pleiotropic defect that may arise from
unrestrained Cdc42 activation. Alternatively, the delivery or activation of the glucanases
Agn1 and Eng1 may be impaired, or the localization or function of their regulator, Rho4,
may be impaired in rga4Δ rga6Δ mutants. Additionally, other membrane trafficking
processes may be impaired. At least two distinct pathways mediate exocytosis in fission
yeast: the exocyst that tethers vesicles along the membrane rim and the TRAPP-II
complex that enables vesicle tethering throughout the entire plane of the ingressing
membrane (WANG et al. 2002; MARTIN-CUADRADO et al. 2005; WANG et al. 2016). The
TRAPP-II complex works with the Rab11 GTPase homologue Ypt3 to tether vesicles to
the membrane, and relies on actin cables and the type V myosin Myo52 for its delivery
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(CHENG et al. 2002; MULVIHILL et al. 2006). It is possible that Cdc42 may promote
TRAPP-II mediated exocytosis through the regulation of the formin For3. Increased
vesicle delivery from this system may also explain the uncoupling of the membrane from
the septum and membrane accumulation in rga4Δ rga6Δ mutants. Future work will
identify which of these pathways may give rise to these defects.

Materials and Methods

Strains and cell culture

The S. pombe strains used in this study are listed in Supplemental Table S1. All strains
are isogenic to the original strain PN567. Cells were cultured in yeast extract (YE)
medium and grown exponentially at 25°C, unless specified otherwise. Standard
techniques were used for genetic manipulation and analysis (MORENO et al. 1991). Cells
were grown exponentially for at least 3 rounds of eight generations before imaging.

Microscopy

Cells were imaged at room temperature (23–25°C) with an Olympus IX83 microscope
equipped with a VTHawk two-dimensional array laser scanning confocal microscopy
system (Visitech International, Sunderland, UK), electron-multiplying charge-coupled
device digital camera (Hamamatsu, Hamamatsu City, Japan), and 100×/numerical
aperture 1.49 UAPO lens (Olympus, Tokyo, Japan). Images were acquired with
MetaMorph (Molecular Devices, Sunnyvale, CA) and analyzed by ImageJ (National
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Institutes of Health, Bethesda, MD (SCHNEIDER et al. 2012)). For still and z-series
imaging, the cells were mounted directly on glass slides with a #1.5 coverslip (Fisher
Scientific, Waltham, MA) and imaged immediately; fresh slides were prepared every 10
minutes. Z-series images were acquired with a depth interval of 0.4 μm. For time-lapse
images, the cells were placed in 3.5-mm glass-bottom culture dishes (MatTek, Ashland,
MA) and overlaid with YE medium plus 0.6% agarose with 100μM ascorbic acid as an
antioxidant to minimize toxicity to the cell, as reported previously (FRIGAULT et al. 2009;
WEI et al. 2017).

Statistical tests

Statistical tests were performed using GraphPad Prism software. When comparing two
samples, a student’s t-test (two-tailed, unequal variance) was used to determine
significance. When comparing three or more samples, one-way ANOVA was used,
followed by a Tukey’s multiple comparisons post-hoc test to determine individual pvalues.

Transmission electron microscopy

Wild type and rga4Δ/rga6Δ cells were grown in YE media at 25C to an OD of 0.5. 4ml of
cells were harvested by centrifugation and rinsed 3x in ddH2O. Cells were fixed with 2%
potassium permanganate for 1 hour at ambient temperature. After fixation, cells were
harvested by centrifugation, washed 3x in ddH2O, and re-suspended in 70% EtOH, and
then dehydrated in an EtOH gradient. The cells were then harvested by centrifugation and
re-suspended in propylene oxide for 30 min to enhance the subsequent infiltration with
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Spurr’s resin. Cells were then incubated in a 1:1 mixture of propylene oxide and Spurr’s
resin for 1hr, followed by 2 changes of Spurrs resin for 1 hour each. The embedded
samples were then incubated for 12 hours at 60C to allow polymerization of the Spurrs
resin. 100nm thick slices were made with a microtome equipped with a diamond knife.
The sections were collected and allowed to dry on copper EM grids and then stained in
lead citrate for 8 min, followed by 30 washes in ddH2O. The samples were then imaged
by TEM and manipulated in Image J.
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CHAPTER VII
CONCLUSION

In my dissertation, I have identified new regulatory patterns of the Cdc42 GEFs. These
findings explain how each GEF contributes to the maintenance of cell shape. One of
the long standing questions in the polarity field has been to determine the cues that lead
to the initiation of NETO. While the cell cycle and microtubules play a role in this
process, my work has identified the Cdc42 GEFs as the terminal downstream components
that initiate growth at additional sites. Additionally, I have uncovered a crosstalk
between the GEFs that enables precise spatiotemporal regulation of Cdc42 during two
distinct cell cycle programs, polarized cell growth and cytokinesis, which strongly
suggests that this manner of regulation in an intrinsic property of Cdc42 behavior.
Furthermore, I have demonstrated that the regulation of Cdc42 is required for proper
membrane trafficking, and may mediate cell separation during cytokinesis.

My research describes a novel crosstalk between the Cdc42 GEFs that explains how loss
of either GEF leads to distinct morphological defects, even though the two GEFs are
partially redundant and function through the same GTPase. Scd1 and Gef1 are not equal.
Scd1 shows strong localization at the cell poles while Gef1 only transiently binds to
them. While the loss of gef1 results in longer but thinner cells that grow in a monopolar
manner, the loss of scd1 results in less polarized cells that exhibit near-isotropic growth.
My research indicates that gef1Δ cells are monopolar due to their inability to localize
Scd1 to the new end. Likewise, scd1Δ cells are depolarized due to the ectopic
localization of Gef1 about the cell cortex. The crosstalk between the GEFs explains why
one GEF does not localize properly in the absence of the other, and provides new insight
into their unique properties. Gef1 is required to initiate growth at the new end. My
research has shown that this occurs through the following pathway: Gef1 activates Cdc42
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at the new end, which results in the recruitment of Scd2 and Scd1, enabling the
generation of a Cdc42 positive feedback that is necessary for its stability at the new end.
This indicates that Gef1 provides the trigger that first enables Cdc42 activation at the new
end, while Scd1 is the main force that sustains Cdc42 activity through the establishment
of positive feedback. Scd1 is required to maintain cell shape. Since Gef1 can initiate
Cdc42 activation at ectopic regions, as observed in scd1Δ cells, the cell has a mechanism
to restrict this to appropriate sites. My research implicates Scd1 and the actin network
in this process. The mechanism through which this occurs merits further investigation.

What factors contribute to Gef1 localization at the new end is a natural follow up
question for this observation. Cell cycle regulation, a threshold of global protein levels,
competition for Cdc42 and its regulators, and the microtubule Tea4-Tea1 complex have
all been posited to regulate the switch to bipolar growth (MITCHISON AND NURSE 1985;
VERDE et al. 1995; VERDE et al. 1998; MARTIN et al. 2005; DAS et al. 2012). In support
of the cell cycle model, the cdc10-129 mutant induces G1 arrest and grows in a
monopolar manner (MITCHISON AND NURSE 1985). These cells reach sizes two to three
times longer than wild type. The fact that these cells contain abundant protein levels,
which scale with cell size, indicate that protein levels alone are not sufficient to induce
bipolar growth. If microtubules and the Tea1-Tea4 complex were sufficient for Gef1
localization to, or activation at, the new end, cells would initiate bipolar growth
immediately after division, since this complex is reestablished at the poles early in the
cell cycle. gef1S112A mutants exhibit precocious bipolar growth (DAS et al. 2015).
Furthermore, our unpublished data demonstrate that expression of gef1S112A in cdc10129 mutants is sufficient to restore bipolar growth. This suggests that Gef1 is the trigger
that initiates bipolar growth, and indicates that Gef1 is regulated in a cell cycle dependent
manner. One mode of cell cycle regulation likely acts to limit Gef1 activity; Cdk and
Plo1-dependent activation of the Orb6/MOR pathway may result in the phosphorylation
and sequestration of Gef1 via the 14-3-3 protein Rad24 (VERDE et al. 1998; HIRATA et al.
2002; HOU et al. 2003; KANAI et al. 2005; DAS et al. 2009; GRALLERT et al. 2013; DAS et
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al. 2015). The precocious bipolarity exhibited by gef1S112A mutants results from the
absence of Orb6-mediated regulation, which strongly suggests that reduced Orb6 activity
at the new end is necessary to enable Gef1 localization to this site to initiate bipolar
growth. How Orb6 is precisely regulated during this process is unknown.

Additionally, my research implicates the F-BAR Cdc15 in the regulation of Gef1
localization, but not the localization of Scd1. cdc15 mutants phenocopy the polarity
defects of gef1 mutants. Epistatic analysis indicates that Cdc15 functions upstream of
Gef1, promoting Gef1 localization to the division site and cell poles. The combination of
the constitutively localized gef1S112A mutant with the hypomorphic cdc15ΔSH3 or
cdc15-27D alleles produces cells with as many as seven poles, indicating that gef1mediated polarity phenotypes are also regulated by cdc15-independent pathways. This
also suggests that, in addition to recruiting Gef1 to new sites, Cdc15 also restricts Gef1
localization to ensure the cells do not develop more than two poles. Furthermore, the
extreme polarity defects and synthetic lethality of scd1Δ cells combined with the
hypomorphic cdc15ΔSH3 or cdc15-27D alleles indicates that Cdc15 and Scd1 regulate
polarity through parallel pathways. Interestingly, a recent report indicates that Gef1mediated Cdc42 activation regulates the process of endocytosis, via Cdc15 (ONWUBIKO
et al. 2019b). It is possible that endocytic events, in which Cdc15 participates, may prime
Cdc42 activation at new sites by temporarily stabilizing Gef1 at the plasma membrane to
enable the establishment of Cdc42 positive feedback.

While the results described in this dissertation are straightforward, the method by which
they were obtained was not as orthodox. I examined Cdc42 regulation during cytokinesis
to understand how the regulation of Cdc42 maintains cell shape and promotes bipolar
growth. Remarkably, the regulatory crosstalk between Gef1 and Scd1 regulates Cdc42
during both polarized growth and cytokinesis, despite the functional differences
between these two sites. This suggests that such crosstalk is intrinsic to Cdc42 function,
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leading to the speculation that this manner of regulation may also function between GEFs
of other GTPases. Furthermore, there may also be crosstalk between the S. pombe
GTPases, as is found in other organisms. The synthetic septum defects exhibited by gef1Δ
rho4Δ and gef1Δ gef3Δ double mutants suggest that Cdc42 and Rho4 activities
coordinately regulate this process (WANG et al. 2015). Additionally, crosstalk
between Cdc42 and Rho3 may regulate membrane trafficking and remodeling during
cytokinesis (MUNOZ et al. 2014). If so, signaling between these two GTPases could
converge at the For3/Pob1 complex. Cdc42 controls the localization of Pob1, which
regulates exocytosis and participates in cell separation, and both the localization and
activation of For3, which regulates actin organization.

While examining Cdc42 function during cytokinesis, I uncovered a novel role for Cdc42
in the regulation of membrane trafficking during this cell separation. My data indicate
that the Cdc42 GAPs, Rga4 and Rga6, inactivate Cdc42 to promote cell separtion. The
failure to do so results in the spatial misregulation of endocytosis at the membraneseptum barrier, an produces septa with abnormal morphologies, including numerous
membrane abnormalities. Further studies will determine whether the misregulation of
endocytosis during cytokinesis in rga4Δ rga6Δ mutnats gives rise to the cell separation
defect. Membrane trafficking at the cleavage furrow during cytokinesis is essential.
These processes are required for the delivery and recycling of membranes and proteins to
promote actomyosin ring integrity and constriction, furrow ingression, cell wall and
extracellular matrix remodeling, and cell abscission and (JANTSCH-PLUNGER AND
GLOTZER 1999; LOW et al. 2003; PELISSIER et al. 2003; GIANSANTI et al. 2007;
ONWUBIKO et al. 2019a). To date, most investigations into the regulation of membrane
trafficking have focused on the role of syntaxin, SNAREs, and Rab GTPases during this
process (MONTAGNAC et al. 2008; MCKAY AND BURGESS 2011). Given the role of Cdc42
in membrane tafficking, it is suprising that my research is the first to implicate Cdc42 as
a regulator of this process process during cytokinesis.
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In conclusion, my research demonstrates differential regulatory patterns of Cdc42 that
precisely regulate cell morphology and cell division. Differential Cdc42 regulation is
mediated by combinatorial regulation from its GEFs and GAPs. Cdc15 primes Gef1mediated Cdc42 activation at the cell poles, and Gef1 brings in Scd1 to initiate bipolar
growth through the establishment of a second polarized growth site (HERCYK AND DAS
2019; HERCYK et al. 2019). While this was not the focus of my research, the GAPs Rga4
and Rga6 regulate cell polarity by contolling cellular dimension by preventing the
expansion of the Cdc42 cap at the growing cell pole (DAS et al. 2007; TATEBE et al.
2008; REVILLA-GUARINOS et al. 2016). Scd1 also contributes to the regulation of cell
dimentions by preventing ectopic Gef1-mediated Cdc42 activation at sites other than the
cell poles (HERCYK et al. 2019). During cytokinesis, Gef1 promotes the onset of ring
constriction through the recruitment of Bgs1, and promotes Scd1 localization to regulate
septum formation (WEI et al. 2016; HERCYK et al. 2019). After the disassembly of the
actomyosin ring, Scd1 removes Gef1 from the division site to enable cell separation (WEI
et al. 2016; HERCYK et al. 2019). Finally, Rga4 and Rga6 inactivate Cdc42 during late
cytokinetic events to promote cell separation, possibly through the spatial regulation of
membrane trafficking. Thus, every stage of cytokinesis is differentially regulated by
Cdc42 in a stepwise manner that requires sequential GEF and GAP activities.
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